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Preface 
The year 2020 will long be remembered for the COVID19 pandemic. The 8th Asia-Pacific Workshop on 
Structural Health Monitoring (8APWSHM) was scheduled to take place from the 9th to 11th of December 
2020 in Cairns, Queensland, Australia.  However, extensive travel restrictions and border closures forced 
by the pandemic left the committee with a choice between cancelling the workshop and continuing with a 
“proceedings-only” event. The committee chose the latter, mindful that the work of the SHM community 
can and must continue in spite of lock-downs, social-distancing and border closures. We are very grateful 
to the workshop participants for submitting their work and to the reviewers for their time and dedication 
in assessing submissions. The papers in this collection reflect work which has been assessed as 
technically original and significant. 
 
Structural health monitoring is multi-disciplinary. For it to be successfully developed and implemented in 
a practical timeframe requires constructive engagement amongst a diverse spectrum of academics, 
researchers, original equipment manufacturers (OEMs) and end-users, civilian and military alike. Basic 
and applied research is necessary to develop and demonstrate SHM concepts and systems that are 
capable of satisfying stringent sensitivity, reliability and confidence requirements. 
 
The OEMs and end-users have a critical role in helping define the problems, establish the requirements 
and the practical limitations, and to assist the development of business cases for technology insertion. 
These interactions foster the ‘technology pull’ required to facilitate rapid implementation of technology.  
 
We wish to thank the following sponsors for their contribution to the success of this event: 
 

• The Defence Science and Technology Group  
• Department of Mechanical and Aerospace Engineering, Monash University  
• US Navy Office of Naval Research – Global (ONR-Global) 

  
We wish also to express our gratitude to the reviewers, contributors and participants, without whom the 
8APWSHM proceedings would not have been possible. Finally, a special thanks to the Secretariat, Ms 
Gillian Chin for her tireless effort in keeping things on track which was crucial to managing the 
submissions and producing these proceedings. 
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Magnetic Pre-Loading for a  
Tonpilz-Type Acoustic Projector 
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David Munke, and Joel Smithardf  

Defence Science and Technology Group, Aerospace Division, 506 Lorimer Street, Fishermans 
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Keywords: Magnetic Force, Tonpilz, Acoustic Projector, Relaxor Ferroelectric Single 
Crystal 

Abstract. This paper describes a new magnet-based method for applying a compressive pre-load 
to the piezoceramic elements of a Tonpilz-type acoustic projector, with the advantage of lower 
damping due to mechanical friction and a greater range of unhampered resonant motion since no 
plate spring is required. The Tonpilz-type acoustic projector can be applied to structural health 
monitoring studies involving air coupled ultrasound. Acoustic model predictions and the 
measured behaviour of a relaxor ferroelectric single crystal (RFSC) based prototype device, 
operating in air, are presented and show good correlation. With a 5 V drive, at 9420 Hz 
resonance, the prototype device generates a sound pressure level of 113 dB measured at an axial 
distance of 5 mm. The maximum peak tip displacement of the device’s head mass is predicted to 
be 0.7 µm at resonance. This is well within the 2 µm displacement produced by the 90 N 
magnetic pre-load, thus protecting the RFSC ceramic element from damaging tensile stress. 
Introduction 
Tonpilz acoustic projector designs typically use an axial bolt/nut, known as a tie-rod, to provide 
a static compressive pre-load to their constituent piezoceramic drive elements [1-3]. This 
compression prevents the elements from being driven into tension where they will likely fail. 
The resonant behaviour of Tonpilz designs is accommodated via a plate spring positioned 
mechanically in series with the piezoelectric drive elements [1]. The greater the pre-load, the 
greater the potential amplitude of operation. Tonpilz projectors are often associated with 
undersea operation [4,5], however they can also operate in air as an acoustic source for structural 
inspection techniques [6-8]. Recently, relaxor ferroelectric single crystals (RFSC) have been 
explored for use in electroacoustic applications including Tonpilz projectors, with their giant 
piezoelectric properties and high coupling coefficients proving beneficial [9-11]. The magnetic 
pre-loading approach described in this paper, and reported in reference [12], offers an alternate 
method for mechanically compressing the piezoceramic elements in an acoustic projector, 
permitting a simple, compact design with less frictional loss. The principles of operation will be 
discussed next, followed by a discussion of a multiphysics model developed for the prototype 
device.  

mailto:escott.moss@dst.defence.gov.au
mailto:aethan.ellul@dst.defence.gov.au
mailto:mason.pax@gmail.com
mailto:scott.moss@dst.defence.gov.au
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The principle design features for the magnetic pre-loading approach are shown in Fig. 1. The 
magnetic support structure depicted schematically in Fig. 1a is a series of ring magnets around a 
rectangular piezoelectric plate-element. The head magnet is attracted to the magnetic support 
structure, applying a compression to both the piezoceramic (RFSC hereafter) element and the 
spacer. The tail magnet completes the magnetic circuit. An example spacer is shown in Fig. 1b, 
with vertical ligaments that are designed to have a mechanical stiffness approximately ten times 
less than the crystal transducer. The ligament arrangement also protects the RFSC element from 
bending stress if the device is mounted horizontally. The centre of the spacer contains a square 
hole which aids crystal positioning during device manufacture. Fig. 1c shows a photograph of a 
prototype device, the tail and head magnets (labelled ‘2’ and ‘3’ respectively) having 20 mm 
diameter, the hidden RFSC element (labelled ‘1’), and the thin disks of machinable glass 
(MACORTM [13], labelled ‘7’) that protect the element from damage during mechanical loading. 

 

 
(a) 

 
(b)                                                                 (c) 

Figure 1. (a) Schematic of the magnetically pre-loaded Tonpilz-type acoustic projector. (b) 
Schematic of the polycarbonate spacer. (c) Photograph of a prototype device showing: 1) 

Relaxor ferroelectric single crystal located inside the device, i.e. not visible, 2) SmCo base mass, 
3) NdFeB head mass, 4) high temperature NdFeB rings, 5) polycarbonate spacers, 6) aperture in 

polycarbonate support allowing wire access, 7) machinable glass disks.  
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Table 1. Physical properties of a free RFSC element. 
Physical Property Value for (011) Mn-PMN-PZ-PT  

Relative Permittivity, Σ33T 2500 
Phase–Transition / Curie 
Temperatures, TR-T/TC (oC) 

145/200 

Coercive Field, EC (kV/cm) 6 
Piezo Constant, d32 (pC/N) -900 
Coupling Factor, k32 0.86 
Compliance, s22E (10-12 m2/N) 69 
Mechanical Quality, Qm 1000 

Modelling 
This section will discuss the multiphysics model developed to predict the behaviour of the 
acoustic projector shown in Fig. 1. The frequency-domain model developed for the prototype 
device couples (i) solid-mechanics, (ii) piezoelectrics, and (iii) pressure-acoustics in the air 
domain, and follows the approach described in reference [14]. Material properties for the RFSC 
element were taken from reference [15], with the more important material properties reproduced 
in Table 1. The model mesh used is shown in Fig. 2a, and has 75k elements. The mesh density of 
the hemispherical air domain was determined via a rule that there should be at least 6 nodes per 
wavelength for the highest modelled frequency, fMAX = 12 kHz. The radius of the air domain was 
set to rAIR={2(cAIR/fMAX)} where cAIR = 330 m/s. Figure 2b shows a close-up of the modelled 
prototype. Only the dynamic parts of the device were included in the model: the head magnet 
shown in pink, the RFSC element 12 x 4 x 4 mm3, and four 1 x 1 x 1 mm3 polymer cubes 
approximating the effect of the eight vertical polycarbonate ligaments shown in Fig. 1b. The 
modelled peak drive voltage was assumed to be 5 V. Total mechanical damping for the prototype 
device was approximated by applying an isotropic structural loss factor (inverse of quality 
factor) to the RFSC element. The yellow coloured boundaries shown in Fig. 2b were set as fixed 
constraints. The modelled frequency range was 8-12 kHz, and using 0.025 kHz steps with 147k 
degrees-of-freedom the model took approximately 16 minutes to solve on a modern desktop PC.  

 

 
(a)                                                                           (b) 

Figure 2. (a) Mesh used for multi-physics modelling of the acoustic projector, and (b) close-up 
showing the modelled prototype. 
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Experimental 
This section will present a brief overview of the device construction, and discuss the 
experimental arrangement used to characterise the acoustic behaviour of the prototype device.  

As mentioned earlier, the prototype device shown in Fig. 1c uses an RFSC element being 
(011) poled Mn-PMN-PZ-PT having dimensions 12 x 4 x 4 mm3. An impedance sweep for a free 
RFSC element is provided in Fig. 3 and shows an impedance of 756 kΩ at 1000 Hz, equivalent 
to a free capacitance of 214 pF. The prototype device was assembled using a structural adhesive 
(Click Bond CB359) with the RFSC element, magnets, and machinable glass disks bonded into 
place. Wires were connected to the RFSC element using silver epoxy (Chemtronics CW2400). 
After assembly, one week was allowed for the adhesives to cure at room temperature, after 
which the measured capacitance reduced to ~152 pF. The magnetic arrangement for the 
prototype device uses a samarium cobalt (SmCo) base mass, a neodymium boron iron (NdFeB) 
head mass, and high temperature NdFeB rings. The compressive force produced by the magnetic 
arrangement is estimated at 90 N, producing an estimated 2 µm of compressive displacement on 
the RFSC element. 

 
Figure 3. Measured impedance of a 12x4x4 mm3 Mn-PMN-PZ-PT element.  

A miniature high-performance microphone (Knowles Zero-Height SiSonic, SPU0410LR5H-
QB) was used to measure acoustic pressure in air. The microphone has a reasonably flat 
sensitivity curve +/-2 dB between 0.1-10 kHz, and can also be used to measure ultrasonic 
frequencies up to 80 kHz. Figure 4a shows a schematic of the 10x gain preamplifier circuit built 
to power and interrogate the microphone. The circuit was designed to run off a 9 V battery and 
uses a voltage splitter to produce a symmetrical +/- 4.5 V supply for the amplifier. Power to the 
microphone is supplied via two forward biased Zener diodes, limiting the voltage to less than 3.6 
V. The direct current (DC) blocking capacitor was chosen so that its effective impedance is 
insignificant at the frequencies of interest. A photograph of the sound measurement arrangement 
is shown in Fig. 4b, with a prototype device mounted on a large steel backing plate, and the gap 
between the prototype device and the microphone measured with an error of +/- 0.25 mm. The 
drive signal for the prototype device was continuous wave with 5 V peak. The reference level for 
acoustic sound pressure measurement in air is 20 µPa; the sound pressure level (SPL) of 1 Pa can 
hence be found via the calculation 20*log(1 [Pa]/0.00002 [Pa]) = 94 dB SPL. The voltage 
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reference level for dBV is 1 V, dividing by 20 and taking the inverse log we find -38 dBV = 
0.0126 V. Therefore, at 1 Pa, the sensitivity is 0.0126 V/Pa. 
 

 
(a) 
 

 
 (b) 

Figure 4. (a) Microphone circuit, and (b) sound measurement arrangement. 
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Results and discussion 
The measured acoustic response of the prototype device is discussed including the measured 
quality factor, which is important for accurate modelling. A comparison with the model 
predicted acoustic pressure and sound pressure levels is undertaken, and the predicted acoustic 
power and head mass displacements are discussed.  

 
(a)                                                                                    (b) 

Figure 5. (a) Measured voltage equivalent for sound pressure level, and (b) half-power-
bandwidth for 9420 Hz resonance. 

Figure 5(a) shows the measured peak output voltage, across the range 8-12 kHz, with a 
distance of 5 mm between the top surface of the prototype device and the microphone.  The 
measured resonance found at 9420 Hz is assumed to be the peak of interest. Using a 5 V peak 
drive signal at a frequency of 9420 Hz, the measured output from the microphone circuit (Fig. 
4a) was 2.25 V peak-peak. Dividing this output by the 10x gain factor of the preamplifier circuit 
and also by 2x (and thus converting to peak values) yields the 0.1125 V maximum peak voltages 
shown in Fig. 5a and 5b. The 0.1125 V peak microphone output is equivalent to 0.1125 
[V]/0.0126 [V/Pa] ~ 8.93 Pa. Based on this pressure, the measured sound pressure level is 
20*log(8.93 [Pa] /0.00002 [Pa]) = ~113 dB SPL. Figure 5b shows a close-up of the peak at 9420 
Hz, from which the measured quality factor Q = 410 was calculated using the half-power 
bandwidth at the voltage multiple of 0.707. As expected, the measured quality factor is smaller 
than that of the RFSC crystal dielectric loss (i.e. Table 1, material QM=1000), with additional 
damping due to adhesive bond-lines, parasitic reactive elements, and friction. Inverting the 
measured quality factor yields the isotropic structural loss factor value of 0.0024, which was 
implemented in the multiphysics model, yielding the model predictions shown in Fig. 6 a-d for a 
drive of 5 V peak at the model predicted resonance frequency 8750 Hz.  

The modelled acoustic pressure shown in Fig. 6a and 6b indicates a 38 mm wavelength, 
which is expected. A second-order exponential fit was made to envelope the modelled acoustic 
pressure, approximated by the red curves in Fig. 6b. The exponential fit details for the upper 
envelope is inset into Fig. 6b; this envelope equation is used to calculate the maximum peak 
acoustic pressure of ~9.03 Pa at the location z = -5 mm, i.e. 5 mm away from the end of the 
magnetic head mass. The 9.03 Pa acoustic pressure prediction is a good match to the 8.93 Pa 
measured at the same location (as discussed in the paragraph above). The model predicted SPL 
distribution is shown in Fig. 6c, with a maximum predicted 116 dB SPL right at the end surface 
of the head mass. Both the predicted and measured sound pressure levels are 113 dB SPL at a 
distance 5 mm from the head mass. With a 5 V drive at the resonant frequency 8750 Hz, the 
model predicts a peak displacement of 0.7 µm for the head mass, and a total radiated acoustic 
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power of ~1.3 mW (Fig. 6d), both of which have yet to be experimentally validated. The 0.7 µm 
peak displacement produced at resonance is well within the 2 µm compressive displacement 
produced by the magnetic arrangement, so theoretically the RFSC element should be protected 
from damage due to tensile loading. It is expected that the magnetic pre-load arrangement will 
continue to protect the RFSC element from tensile stress as higher acoustic powers and 
frequencies, including ultrasonic and beyond, are explored in future work. 
 

 
(a)                                                                                    (b) 

 
(c)                                                                                   (d) 

Figure 6. Model predictions of (a) acoustic pressure, (b) pressure distribution in axial (z-axis) 
direction with red envelope functions, (c) sound pressure level, and (d) total radiated power. 

 

Conclusion 
This paper reports on a new magnet-based method for applying a compressive pre-load to the 
piezoceramic drive element of a Tonpilz-type device. This method of compression does not 
require a plate spring, which means there is less mechanical friction and therefore lower 
damping. To demonstrate the magnetic pre-loading approach, a relaxor ferroelectric single 
crystal based Tonpilz-type device has been developed. The device will be used as an acoustic 
source for structural health monitoring studies, such as air coupled ultrasound. Acoustic model 
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predictions and the measured behaviour of a prototype device, operating in air, are presented and 
show good correlation. With a 5 V, 9420 Hz drive, the prototype device generates acoustic 
pressures of 9 dB at a 5 mm axial distance from the device, equivalent to a sound pressure level 
of 113 dB. Model predictions of the acoustic pressures and sound pressure levels correlate well 
with measured values. The tip displacement of the magnetic head mass at resonance is predicted 
to be 0.7 µm peak, well within the 2 µm displacement produced by the 90 N of compressive 
force generated by the magnetic arrangement, thus protecting the ceramic transducer element 
from damaging tensile loading.  
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Abstract. Topology optimisation has been used to design a piezoelectric energy harvester 
capable of harvesting the vibration present on a helicopter gearbox. The gearbox vibrations, with 
frequencies in the kilo-hertz range and having amplitudes of 10-100g (where g = 9.81 m/s2), are 
generated by gear-meshing within the transmission. These accelerations, large in amplitude and 
high in frequency, are ideal sources for vibration energy harvesting, with the harvested power 
potentially used to power autonomous condition-based-maintenance systems. This paper will 
discuss the first and simplest of the harvesters that were designed and manufactured, i.e. a 
0.51 mm thick spring steel cantilever that uses a Pz27 piezoceramic transducer, which is 
sensitive to 1900 Hz gearbox vibrations and can produce 300 µW from a 2g host acceleration.   
Introduction 
Downtime for routine maintenance and checks, in both commercial and military environments, 
can leave equipment out of operation for extended periods. While this maximises operational 
safety, it also comes with a potentially costly reduction in availability. Structural Health 
Monitoring systems (SHMs) can minimise this downtime by providing an ongoing assessment of 
structural condition, permitting the detection and monitoring of safety-critical degradation [1,2].  

Powering SHMs can be problematic, with these systems often being placed in difficult to 
access positions and unable to be powered locally. A potential solution is the pairing of low-
power SHMs with energy harvesters, siphoning ambient vibrational energy in the environment 
and converting it into usable electrical energy. One well-studied method of capturing waste 
mechanical energy is via piezoelectric-based vibrational energy harvesting (PEH) [3].  PEH 
devices based on traditional piezoceramics Pb[ZrxTi1−x]O3 (PZT) [4] have been thoroughly 
explored over the past two decades, with recent reviews indicating that power densities of 10-
100 mW/cm3 are achievable [5,6]. This paper will discuss a high-frequency PEH prototype 
device designed using a recently developed topology optimisation algorithm, known as Bi-
directional Evolutionary Structural Optimisation (BESO), to tune the device to the principal 
gear-meshing frequency of a Bell 206B-1 Kiowa helicopter main rotor transmission at 1900 Hz 
[6].  

Topology optimisation has been identified as the most challenging and economically 
rewarding task in structural design [7]. Generally speaking, topology optimisation seeks to find 
the best location to place structure in a given design domain subjected to predefined objectives, 
constraints, loads and boundary conditions. The main advantage of topology optimisation over 

mailto:david.munk@dst.defence.gov.au
mailto:ethan.ellul@dst.defence.gov.au
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other structural optimisation techniques is that no specified initial structural topology needs to be 
presumed a priori. Over the last few decades, since the introduction of material distribution 
methods [8], topology optimisation has been rapidly developed into a design tool used by the 
engineering industry [9][10][11].    

The optimal design of structures subjected to vibration was first considered in the 1970s in the 
form of shape optimisation with respect to the fundamental and higher-order eigenfrequencies of 
transversely vibrating beams [12]. Many studies have considered dynamic stability as the 
objectives [13] where it is advantageous to keep the natural frequencies of the structure away 
from any driving frequencies. Ultimately, the goal of this work is to develop an in-situ energy 
harvesting device that can utilise these frequencies to power a low-power condition based SHM 
system to monitor a helicopter during flight. This paper discusses the modelling, optimisation, 
and testing of such a device under laboratory conditions, being exposed to accelerations of up to 
2.0g. These results are then compared to initial models, and the feasibility for use on the 
helicopter transmission is discussed. 
Principles of Operation 
As mentioned in the introduction, the principal gear-meshing frequency of a Bell 206B-1 Kiowa 
helicopter main rotor transmission is 1900 Hz with other significant vibration at 2250 Hz and 
2500 Hz [6]. The aim of the device reported in this paper is to harvest vibrational energy at the 
dominant 1900 Hz frequency - the cantilevered topology was optimised to be sensitive to this 
frequency. This is the first step in designing a PEH that is sensitive to all three of the main 
meshing-frequencies, work that will be reported elsewhere. The harvester discussed in this paper, 
shown schematically in Fig. 1, is a topology optimised cantilever with a piezoceramic disk 
transducer, the combination of which is tuned to 1900 Hz. The topology optimised design was 
waterjet-cut from spring steel and secured between two steel plates to form the root. Finite 
element modelling was used to find the region of highest in-plane stress, upon which the PZT 
disk was mounted using silver epoxy.  

 
Figure 1. Schematic of the piezoelectric energy harvester showing the thin topology optimised 

cantilever manufactured from spring steel, with the thicker root section, and the PZT disk 
transducer with crystalline orientation. 

Theory 
The aim of this study is to design a cantilever energy harvesting device that leverages the 
available vibration energy in a helicopter gearbox. Accelerometer data has indicated that the 
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largest g-load on the gearbox being considered, that of a Bell 206B-1 Kiowa helicopter, is 12g 
and occurs at a frequency of 1900 Hz [6]. Investigations to date have shown that the resonance 
frequency of the harvesting device plays a key role in the device’s power output [14]. 
Furthermore, the mass of the energy harvesting device is proportional to the stored mechanical 
energy. This study implements a topology optimisation algorithm to tune the resonance 
frequency of a cantilever energy harvesting device to the vibration frequency of the maximum g-
load from a Bell 206B-1 Kiowa helicopter gearbox while keeping the volume of the structure as 
high as possible. Therefore, the design problem can be mathematically defined as follows: 
 

maximise:𝑉𝑉 
subject to:𝜔𝜔1 = 1900    

 
where 𝑉𝑉 and 𝜔𝜔1 are the volume and fundamental frequency of the energy harvesting device, 

respectively. Therefore, the optimisation algorithm finds the structural topology that has the 
largest volume with a fundamental frequency of 1900 Hz. In this study, a recently developed Bi-
directional Evolutionary Structural Optimisation (BESO) algorithm is used to solve the design 
problem [15]. The BESO algorithm developed in [15] replaces the traditional heuristic optimality 
criteria method with an integer-linear program (ILP) and, thus, enables the handling of multiple 
constraints. Nevertheless, the method is evolutionary in the sense that only gradual design 
changes are permitted in each iteration. Therefore, a neighbourhood constraint must be employed 
to ensure that only small design changes in each iteration are made. The BESO algorithm uses 
the finite element formulation to solve the physics of the problem. Hence, the design problem 
can be formulated as an optimisation problem as follows: 
 

maximise: 𝑉𝑉(𝒙𝒙) 
subject to: ([𝐾𝐾] − 𝜔𝜔𝑛𝑛2[𝑀𝑀])𝜙𝜙𝑛𝑛 = 0 

    𝜔𝜔1 = 1900 
              � Δ𝑥𝑥𝑖𝑖 ≤ 𝜂𝜂𝑎𝑎 ⋅ 𝑁𝑁

𝑖𝑖∈𝒙𝒙=0

 

                 � Δ𝑥𝑥𝑖𝑖 ≥ −𝜂𝜂𝑟𝑟 ⋅ 𝑁𝑁
𝑖𝑖∈𝒙𝒙=1

 

                                               𝑥𝑥𝑖𝑖 ∈ {0, 1}                           ∀𝑖𝑖 ∈ [1,𝑁𝑁]   
 

where 𝒙𝒙 is the design variable vector and 𝑥𝑥𝑖𝑖 is the 𝑖𝑖𝑡𝑡ℎ design variable, [𝐾𝐾] and [𝑀𝑀] are the 
global stiffness and mass matrices of the structure, 𝜔𝜔𝑛𝑛 and 𝜙𝜙𝑛𝑛 are the natural mode frequency 
and shape of the structure, 𝜂𝜂𝑎𝑎 and 𝜂𝜂𝑟𝑟 determine the maximum number of elements added and 
removed in each iteration and 𝑁𝑁 is the number of design variables. The binary design variable 𝑥𝑥𝑖𝑖 
physically represents the density of the 𝑖𝑖𝑡𝑡ℎ element; where, in this study, a hard-kill BESO 
method [16] is employed. The BESO method solves the discrete problem, resulting in clear 
structural boundaries. Therefore, the resulting topologies can be manufactured by traditional 
methods or additively if complex topologies result. 

In order to guarantee that a solution to the optimisation problem exists, some restrictions on 
the resulting design must be introduced [17]. Experience has shown that filtering of the 
sensitivity function is a highly efficient way to ensure mesh in-dependency [18]. Furthermore, it 
has been shown to give results that are stable under mesh refinement and maintains a minimum 
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length scale. In this study, a filter scheme is used to smooth the element sensitivity numbers 
across the entire domain [17].       

As mentioned, the optimisation algorithm translates the physical equations into the finite 
element formulation to solve the physics of the problem. Therefore, to determine the natural 
frequencies and mode shapes of the structure, the undamped and unloaded equations of motion 
must be solved. The equations of motion are defined as follows: 
 

[𝑀𝑀]�̈�𝒙 + [𝐾𝐾]𝒙𝒙 = 0 
 

where 𝒙𝒙 is the displacement vector of the structure. To solve the above equation a harmonic 
solution, i.e. 𝒙𝒙 = 𝜙𝜙𝑛𝑛 ⋅ sin(𝜔𝜔𝑛𝑛 ⋅ 𝑡𝑡), is assumed. By implementing the harmonic solution in the 
equations of motion the following eigenvalue problem results: 
 

([𝐾𝐾] − 𝜔𝜔𝑛𝑛2[𝑀𝑀])𝜙𝜙𝑛𝑛 = 0 
 

which can be solved for both the natural frequencies, 𝜔𝜔𝑛𝑛, and modes shapes, 𝜙𝜙𝑛𝑛, respectively. 
The finite element model and the first mode shape for the optimised cantilever, having a 
fundamental frequency of 1900 Hz, is illustrated in Fig. 2.   

 

 
Figure 2. Finite element model and first mode shape of optimised cantilever for 1900 Hz  

 
To determine the performance of the energy harvesting device, the open circuit voltage can be 

used as a measure of the potential output power. The total electric charge (𝑄𝑄) is mathematically 
defined as follows: 

𝑄𝑄 = 𝐶𝐶𝑉𝑉 
 

where 𝐶𝐶 is the equivalent capacitance and 𝑉𝑉 is the electric potential. Therefore, the open 
circuit voltage across the piezoelectric material can be found from: 
 

𝑉𝑉𝑜𝑜𝑜𝑜 =
1
𝐶𝐶
��[𝑑𝑑]𝝈𝝈 ⋅ 𝑑𝑑𝑨𝑨 

where [𝑑𝑑] is the piezoelectric strain tensor, 𝝈𝝈 is the mechanical stress vector and 𝑨𝑨 is the area 
vector in the three planes (Fig. 1). In this work the finite element method (FEM) is used to solve 
the physical equations.  
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Experimental  
This section describes the fabrication process for the prototype harvester, including the waterjet 
cutting of the spring steel cantilever and the bonding of the PZT transducers. Also detailed are 
the experimental characterisations of the prototype harvester that have been undertaken, 
including impedance analysis of the PZT transducer, and voltage and power measurements as a 
function of drive acceleration and frequency, and load resistance. 
 
Energy Harvester Assembly 
As mentioned in section 2, the cantilevered section of the topology optimised energy harvester 
(Fig. 1) was fabricated using 0.51 mm thick carbon spring steel (AISI 1095, elastic modulus 190-
210 GPa, Poisson’s ratio 0.27-0.3, density 7860 kg/m3). The beams were cut using a CNC driven 
waterjet cutter (Techni). The waterjet pressure was 50 kPSI, and the diameter of the water beam 
was 0.5-0.8 mm with cutting grit (GMA garnet, composed of >97% almandite garnet) located on 
the perimeter of the waterjet. The cantilevered section was secured between two spring steel 
root-plates that were each 0.89 mm thick. The root-plates were bonded to the cantilevered 
section using 0.2 mm thick polypropylene scrimcloth and a structural adhesive (Click Bond 
CB359). 

Figure 1 shows the PZT disk transducer type chosen for the topology optimised harvester. The 
PZT disk has a 6.35 mm diameter and is 0.5 mm thick, and is a soft-relaxor (Pz27, Navy II PZT-
5A analogue, Ferroperm,  Meggit A/S) with a piezoelectric charge constant, d31 ~ 150 pC/N, and 
with an electromechanical coupling factor, k31 ~ 0.3. The PZT disks were characterised using an 
impedance analyser (Solartron SI 1260) before and after bonding to the cantilevered section. A 
silver loaded epoxy (Chemtronics CW2400) was used to bond the PZT disks at high stress 
locations identified by FEA. During bonding a light pressure was applied in a circular motion to 
minimise the thickness of the epoxy layer beneath the disk with the goal of reducing damping on 
the piezoelectric disk [19] but increasing the presence of a spew fillet [20]. Thin copper wires 
were then bonded to the centre of each disk with the silver epoxy, and wire was additionally 
bonded on the exposed cantilever layer on the upper right side of the root to form a ground path. 
 
Harvester Characterisation 
The prototype harvester was mounted onto a host mass and a sinusoidal host acceleration was 
applied in the vertical ‘3’ direction (Fig. 1) by an electro-dynamic shaker. Impedance frequency 
sweeps were conducted on the mounted harvester, yielding an estimate of the device's resonant 
frequency. Frequency sweeps were conducted during which the harvester’s peak open circuit 
output voltage was recorded. The sweeps were repeated under a range of applied resistive loads 
with the associated voltage and power outputs determined. For vibrational testing, topologies 
were individually secured to the host mass, mounted on an electro-dynamic shaker (TIRA Vib 
Modal-Vibration Test System) using neodymium rare-earth magnets (N42, 50 mm x 5 mm x 
3.4 mm, partially visible in Fig. 3). The shaker arrangement is limited to drive levels equivalent 
to a maximum host acceleration of 2g (where g = 9.81 m/s2).  
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Figure 3. Photograph of the experimental arrangement showing the harvester mounted to the 
shaker/host mass with ‘rails’ magnet arrangement, and nearby accelerometer (cube geometry). 

 
A loop controller (Brüel and Kjær 7541) was used to generate 0.2g host vibrations over the 

frequency range of 1000 Hz to 3000 Hz with a sweep rate of 20 Hz/s. For higher drive levels, 
open loop experiments were performed using a signal generator, fed into an amplifier, to sweep 
the 1000-3000 Hz range at a sweep rate of 200 Hz/s.  These open loop tests were performed at 
host accelerations of 1g and 2g with the drive levels set at the harvester’s resonant frequency; 
however, the host acceleration could not be kept constant across all frequencies due to equipment 
limitations. The harvester’s optimum load was determined using 0.2g frequency sweeps and 
varying the load resistance in the range 10 kΩ to 150 kΩ (resistor decade box Tenma 72-7270). 
The same optimum load resistor was then used for sweeps at 1g and 2g to find the maximum 
output power. 
Results and Discussion  
This section will examine the frequency response of the harvester’s impedance, compare model 
predictions and measured response of the harvesters open circuit output voltage as a function of 
frequency and host acceleration, and finally present measured resistor sweeps and measurements 
of output power versus frequency. 

Figure 4 illustrates the measured impedance of a Pz27 disk bonded to the harvester cantilever 
arrangement shown in Fig. 3. The clamped capacitance of the bonded disk was ~910 pF, with 
clamped relative permittivity 1620. The 100 mV drive voltage of the impedance analyser excited 
an electromechanical resonance near 1873 Hz with an amplitude of 80 kΩ. This resistor value 
was used to set the approximate midpoint of the resistor range examined to find the optimum 
load (I.e. range 10 kΩ to 150 kΩ). 
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Figure 4. Measured impedance curve from a PZT disk mounted on a prototype harvester. 
 

Figures 5a and 5b show the predicted and measured open circuit harvester output voltage as a 
function of host frequency and acceleration, respectively. Both the predicted and measured 
results show the output voltage increasing linearly with host acceleration. Under all drive 
accelerations the resonant peaks occur just below the 1900 Hz design goal, with the peak voltage 
of 9 V predicted and observed for a 2g host acceleration. There is a strong correlation between 
the predicted and measured harvester responses, indicating that the model contains sufficient 
physics to describe the device’s open circuit behaviour, and that second order effects due to 
bondline thickness and spew fillet size are not significantly affecting the device behaviour. 
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Figure 5. (a) Modelled open circuit voltage versus frequency, and (b) measured open circuit 

voltage versus frequency. 
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Figure 6. (a) Measured peak voltage and power versus resistive load. (b) Measured output 

voltage at optimum resistive load 85 kΩ and host excitations of 0.2g, 1g and 2g. 
 

Figure 6a shows the measured output power from the harvester as a function of resistive load, 
collected using 0.2g closed-loop frequency sweeps. The maximum output power is ~5.1 µW 
under a host excitation of 0.2g at 1870 Hz, and occurs with a load of 85 kΩ, which is close to the 
80 kΩ impedance measured in Fig. 4. This suggests that an impedance sweep can provide a good 
estimate of optimum load, at least for devices based on traditional piezoceramics. There is a 
smaller resonance near 1950-1980 Hz that appears to be an artefact of the experimental 
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arrangement and likely due to minor irregularities at the cantilever root-line of the three-layer 
structure of the device. Figure 6b shows the measured output voltage from the harvester under an 
85 kΩ resistive load, and as a function of frequency and drive acceleration. As might be expected 
the output voltages under electrical load are just over half of that measured under open circuit 
[21], with the resonant frequencies shifted 2-3 Hz lower. The peak output power under a 2g host 
excitation was ~300 µW, equivalent to a peak power density of 18.5 mW/cm3, at the lower end 
of the 10-100 mW/cm3 range discussed in the introduction. As mentioned earlier, the principal 
mesh frequency Bell 206B-1 Kiowa helicopter main rotor transmission occurs at 1900 Hz and is 
12g. Under a 12g excitation the harvester’s output voltage might be expected to increase by a 
factor of 6 compared with the 2g results presented here, up to around 30 V. The electric field 
produced across the disk by this voltage is well below the coercive field of PZT-5A analogues, 
~1.2 kV/mm [22], hence is insufficient to induce depolarisation of the transducer element. 
Assuming a factor of 6 increase in output voltage, then the power might be expected to increase 
by a factor of 36 to around 11 mW, which would be useful for powering many sensor types. 
Conclusion  
A topology optimised vibration energy harvester has been reported. The harvester is based on an 
optimised 0.51 mm thick spring-steel cantilever with a piezoceramic Pz27 disk transducer  
6.35 mm diameter. The harvester is optimised to harvest from the principal gear-meshing 
frequency of a Bell 206B-1 Kiowa helicopter main rotor transmission which occurs at 1900 Hz 
and has an amplitude of 12g. Impedance frequency analysis of a prototype harvester indicated 
that the fundamental vibration mode of the device was located at 1870 Hz and at 80 kΩ. 
Subsequent testing of the device using an electro-dynamic vibration shaker, under a host 
excitation of 0.2g showed a resonance at 1870 Hz with an optimum load at 85 kΩ, similar to that 
measured using impedance analysis. In the laboratory under a host excitation of 2g and 1870 Hz 
the harvester produced ~300 µW with a power density of 18.5 mW/cm3, suggesting that the 
device may generate up to 11 mW if mounted on a Bell 206B-1 Kiowa helicopter main rotor 
transmission. 
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Abstract. Fibre optic (FO) distributed strain sensing technology has introduced a significant new 
capability for structural health monitoring (SHM). FO sensing (FOS) offers a simpler installation 
process with improved resistance to corrosion and electromagnetic interference compared to 
traditional electrical resistance foil strain gauges (FSGs) which unlike FOS is limited to single 
point measurements. Previous FO distributed strain measurement studies at the Defence Science 
and Technology Group showed good correlation between strain measurements derived from a 
proprietary continuous fibre grating system and FSGs. This paper compares a commercially 
available, non-proprietary FO sensing system and digital image correlation (DIC) against 
industry standard FSGs and finite element analysis (FEA) predictions. 
Introduction 
A hair-like optical fibre spanning 13 m can provide the equivalent sensing capability of 2,000 
individual foil strain gauges [1] but without the cumbersome and weight prohibitive electrical 
wiring. FO distributed strain sensing technology aims to modernise structural monitoring and 
assessment from FSGs and single point fibre optic sensors that provide discrete strain 
measurement at a structural feature of interest. Distributed sensing provides broad strain 
measurement coverage at relatively low cost without the weight and ongoing maintenance 
burden of large FSG installations, and can resolve strain gradients across the length of a feature 
or structure.  

Distributed sensing is achieved using a low reflectivity grating, which is a small periodic 
change in refractive index of the glass fibre core, written over the entire fibre length as it is being 
fabricated in a draw tower. This configuration is known as a continuous fibre grating [1].  These 
sensing systems rely on spatially interrogating the backscattered light from the gratings via 
optical frequency domain reflectometry (OFDR), which measures the spectral shift of the 
backscattered light in time (via a fast Fourier transform) and then scales by the known number of 
gratings to correlate the change in observed length to a change in strain [2]. The change in the 
central reflected wavelength (Bragg wavelength) can be quantified by Equation 1 [3]: 
 

 𝜆𝜆𝑏𝑏 = 2𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒Λ    (Eq. 1) 
          

Where 𝜆𝜆𝑏𝑏 is the Bragg wavelength, 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 is the effective refractive index of the optical fibre 
and Λ is the inter-grating spacing.  

mailto:bmatthew.stevens@dst.defence.gov.au
mailto:michael.forsey2@dst.defence.gov.au


Structural Health Monitoring  Materials Research Forum LLC 
Materials Research Proceedings 18 (2021) 21-28  https://doi.org/10.21741/9781644901311-3 

 

 

 22 

DIC is an optical measurement technique for measuring displacements. This measurement is 
achieved by using a pair of cameras in stereo to track a stochastic pattern of dots applied to the 
surface of the object of interest. Computer software is then used to track the changes in grey 
value patterns in small neighbourhoods called subsets in the captured images and compare their 
displacement relative to a reference image taken at the start of testing. Using these changes in 
subset location allows changes in displacement and associated strain values to be determined. 

FEA offers the ability to predict the theoretical strain distribution in a test article, which can 
be used to verify the suitability and optimise the installation location of sensors for a range of 
structural loading conditions. FEA is used in the present work to predict the strain distribution in 
a plate coupon with a centre hole. This centre-hole coupon is advantageous for evaluating and 
testing the capability limitations of fibre optic and other sensing technologies because the hole 
produces a region of relatively high strain gradient under loading. This paper reports on a 
comparative study of a commercially available FO sensing system and DIC against FSGs and 
FEA predictions for future application in SHM of airframe test articles undergoing full-scale 
fatigue testing.  
Experimental Method 
An aluminium alloy 2024-T3 coupon of dimensions 400 × 100 × 3 mm with a 20 mm diameter 
centre hole was instrumented and tested under two loading conditions.  A quasi-static tensile 
load, increased from 1 to 22 kN in increments of 1 kN, was applied to compare measured 
distributed strain data at different load levels and strain gradients. A small notch was then 
introduced at the edge of the centre-hole adjacent to the bonded FO sensor and constant 
amplitude cyclic loading applied to initiate and grow a fatigue crack along a path intersecting the 
FO sensor.  Strain measurements were recorded to assess the performance of the FO sensors in 
the strain field ahead of the crack tip and in the crack wake.  

The coupon was instrumented with a 3 m sensing length of commercially supplied all-grating 
fibre (FBGS) which was interrogated using an OFDR based measurement system (Sensuron 
Summit). This sensing system combination offers a minimum spatial resolution of 1.6 mm and a 
notional ± 1 µɛ accuracy. Norland optical adhesive was used to adhere six parallel sensing lines 
to the aluminium alloy substrate, along the loading axis, and with unbonded serpentine loops 
between lines. Strain data was analysed and presented using MATLAB. 

For DIC, a pair of Baser Ace acA4112-30um 12MP/30FPS cameras with Tokina Macro 100 
mm lens set to F11 with an exposure time of 1.5 ms was mounted to a common rail. The relative 
angle and distance between the cameras was optimised to focus on the centre of the hole, with 
sufficient illumination provided by a pair of Nila Varsa LED lights. A white base-coat of Rust-
oleum Flat Ultra Cover 2X paint was applied over a 150 mm × 100 mm area. A stochastic 
pattern stencil of 0.1 mm dots was applied using airbrushing with an enamel based flat-black 
paint. The stencil was subsequently removed. Cameras were controlled using Correlated 
Solution’s VICSnap software to capture synchronised calibration images as well as images 
during testing, either manually or with a digital trigger signal sent from the test frame controller. 
Subsequent image processing was completed in the VIC3D application, with exported data being 
provided as image stills, movies, and CSV files. The accuracy of strain data from this DIC 
system is notionally ± 50 µm with 0.15 mm spatial resolution.  

Three Kyowa copper plated 120-ohm (KFGS-1-120-D9-23 N10C2) foil strip strain gauges 
(FSGs) were instrumented to measure strain in the direction of loading. Each strip gauge 
comprised 5 sensing points adhered to the aluminium alloy substrate using M-Bond adhesive 
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according to standard procedure. These FSGs offer 2 mm spatial resolution and a notional ± 1 µɛ 
accuracy. Data from the FSGs was similarly analysed within MATLAB.  
Quarter symmetry of the coupon was used in the FEA and the measured data was presented in a 
consistent form.  
Results and Discussion 
The instrumentation layout with far-field and hole-edge strain measurement positions are shown 
alongside DIC displacement and strain maps in Figure 1. A 0.13 degree out of plane twist was 
observed due to grip misalignment. This twist contributed a torsional strain to the coupon, 
estimated to be in the range 220-470 µε, as shown in Figure 1 (right); it is also surmised to be 
responsible for the irregular strain signal features in Figure 1 (right) which are most significant at 
the hole-edge, illustrated by the relatively large difference in longitudinal strain between the left 
and right sides of the hole. This grip misalignment was not rectified due to time constraints and 
was not accounted for in the FEA. As a consequence, it was accepted that FOS and DIC 
determined strain values would likely vary from FEA predictions. All strain measurement 
approaches were zeroed so that zero measured strain coincided with zero FEA predicted strain 
under grip pressure and no applied axial load.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

  
 
 
  

Figure 1. Instrumented test area photo (left) showing far-field and hole-edge strain measurement 
positions with FO region on the left side (shown as vertical lines), DIC dot paint covering the 

entire test area and FSG position on back side of coupon (arrowed); DIC z-displacement map (z-
direction is normal to the page) under grip pressure and zero load (centre) showing 0.13 degree 
out of plane twist as indicated by red-coloured corner; and, DIC strain map under grip pressure 

and zero load (right) showing asymmetric strain due to twist.  
 
A comparison of FEA, FSG, FOS and DIC determined strain values at static loads ranging 

from 1 to 22 kN at the far field and hole-edge strain measurement positions are shown in Figure 

Far-field 
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2. The far-field measurement position was located far enough away from the hole such that there 
was no significant strain gradient. As no FSGs were applied in this region, no FSG 
measurements were available for comparison. Figure 2 (left) show FO and DIC strain values in 
relatively good agreement. As expected, the FO and DIC strain values were higher (by ~16%) 
than the FEA predictions due to the additional strain induced by the twist. Comparison of the 
strain measurements adjacent to the hole edge showed reasonable agreement between the FOS, 
FSG and DIC values, Figure 2 (right). Again, the measured strains were higher  (by ~17%) than 
the FEA predictions because of the twist in the coupon not accounted for in FEA.  

It is surmised that the predicted and measured strain values would better align in the absence 
of the twist. Discrepancies may also have resulted from small errors in the location of the 
different sensors adjacent to the hole edge where strain gradients are relatively high, Figure 3. 
FEA of the coupon test section confirmed a steep strain gradient adjacent to the hole edge, as 
shown in Figure 3.  

  
Figure 2. Comparison of measured and FEA predicted strain at static loads ranging from 1 to 22 
kN at far-field (left) and hole-edge (right) strain positions of the test area (refer to Figure 1, left).  
 

        
Figure 3. FEA of coupon test area at 10 kN (left) and 20 kN (right) showing complex strain 
distribution around the hole and steep strain gradients at the hole edge. The vertical lines 

indicate FO line positions (labelled F1 to F6) with F1 being closest to the hole edge.  

F6  F1  F3 F6  F1  F3 
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Previous work using two different FO sensors under the same loading conditions showed data 
loss at high strain gradients [4]. In that study, data loss occurred at strain gradients greater than 
48 µε/mm, and as strain gradients increased further, the OFDR returned erroneous data. No data 
losses were observed in Figure 2 during quasi-static tensile loading in the current study, up to a 
strain gradient of 146 µε/mm [4].  

The scatter in strain estimates obtained from DIC was partly due to manually selecting strain 
locations from the raw pixel grid data for each image’s processed data file. This is not as 
accurate between each file as selecting a point location on the image. Defining a point of interest 
in the image processing software and having the software track and save that point’s relative 
location change and the corresponding strain information between each image data file would 
possibly provide more consistent data. For future testing it is recommended that points of interest 
be defined in the software prior to exporting of image data as this is a more streamlined process 
and avoids any possible error from the data analyst manually tracing a single data point through 
each data file.  

  
                                      

 
                                                                                                                   
 
 
Figure 4. Strain profile measured along the entire length of FO at 10 kN (left). The six adhered 
lines of FO (labelled F1 to F6) span the length of the test area and are parallel to the loading 

direction. The FO line closest to the hole edge (labelled F1, right) shows peak strain at the hole 
centre-line. 

The strain profile measured parallel to the loading direction along the entire length of FO 
sensor at a 10 kN static load is shown in Figure 4. The six peaks (Figure 4, left) represent six 150 
mm lines of adhered FO sensor snaking the length of the test area (Figure 4, bottom) with the 
line closest to the hole edge (labelled F1) showing a peak strain at the hole centre-line (Figure 4, 
right). The magnitude of strain diminishes for each subsequent FO line away from the hole edge. 
Also, the strain profile changes from single (F1 and F2) to double peak (F3 to F6), in agreement 
with the FEA contour lines (Figure 4, bottom). Regions in the graph showing zero strain 
correspond to unbonded fibre (i.e. the looped fibre at the end of each adhered line). There is 
slight asymmetry to the peak shoulders which possibly corresponds to an effect from the twist. 
Figures 5 to 7 should be considered in the same orientation shown in Figure 4, where distance 
from the hole represents a distance parallel to the loading direction. As mentioned previously, 
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quarter symmetry of the coupon was used for FEA and the measured data presented here 
likewise takes advantage of the quarter symmetry.  

A comparison of strain profiles obtained from FEA, FSG, FOS and DIC at 10 kN and 20 kN 
static loads along FOS line F1 (Figure 4), are shown in quarter symmetry in Figures 5 and 6. The 
FO strain profile mirrors that of the FEA prediction at both loads (Figure 5) with the FOS values 
being higher for the reason suggested previously. FO signal saturation, i.e. flattening of the strain 
profile, was observed at the hole edge due to a strain gradient sensing limit in the FOS system. 
The limit of the present system is an improvement over previously studied Rayleigh and 
continuous fibre Bragg grating sensor systems applied in a similar circumstance [4]. The strain 
profiles derived from FSGs (Figure 6) broadly agree with the FOS and FEA obtained strain 
profiles shown in Figure 5. Differences in measured strain values possibly correspond to small 
relative differences in the position of each sensor technology with respect to the hole edge, where 
strain gradients are relatively high. It is noted in Figure 6 that DIC determined strains vary 
significantly compared to other techniques and from 10 kN to 20 kN DIC values do not double 
with doubling of the load. Again, this is surmised to be due in part to manually selecting strain 
locations from the raw pixel grid data for each image’s processed data file which introduces 
additional error relative to selecting a point location on the image. 
 

 
Figure 5. Strain profile obtained from FEA and FO line F1 (Figure 4) for 10 kN (left) and 20 kN 

(right) static loads. 
FOS strain measurements were monitored during cyclic loading of the coupon at a 15 kN 

amplitude and representative data for FO lines F2 to F6 are presented in Figure 7. The three 
graphs (Figure 7 left to right) correspond to the fatigue crack tip approaching, passing under and 
having passed FO line F2, respectively. As expected, the strain at F2 increased as the crack tip 
approached and passed under F2 then decreased significantly in the crack wake. F2 continues to 
show limited strain profile response in the crack wake as the fibre in this section bridges the open 
crack. The strain values and profile along FO line F3 also respond to these events.  

FO signal saturation was evident for the F2 peak in the three graphs presented in Figure 7. 
The strain gradient at F2 at the point of saturation was approximately 410 µε/mm. In previous 
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testing of another system, erroneous data appeared at a comparatively much lower gradient of 48 
µε/mm [4].  

 
Figure 6. Strain profile corresponding to FO line F1, compared to FSG and DIC obtained 

values at 10 kN (left) and 20 kN (right) static loads. 

 
Figure 7. Strain measured at FO line F2 (Figure 4) as the crack tip approaches F2 (left); as the 

crack tip passes under F2 (centre); and, after crack tip passing F2 (right). 
Conclusions 
This paper presented the results from an experimental assessment of a commercially available, 
non-proprietary distributed strain sensor based on all-grating fibre technology. The performance 
of the FO sensing system was compared to experimental strain measurements provided by DIC 
and FSGs. Strain measurements from all three methods were also compared to FEA predictions. 
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Comparison of the measured strain profiles and values showed reasonable agreement between 
the FOS, FSG and DIC values and with FEA predictions. It is surmised that the predicted and 
measured strain values would better align in the absence of an unintented twisting load caused by 
grip misalignment. FOS signal saturation, i.e. flattening of the strain profile at the peak tip, was 
observed at the hole-edge due to a strain gradient limit in the interrogation system. This minor 
data loss at the strain profile peak tip was observed for strain gradients greater than 146 µε/mm 
in the current study. FOS systems studied previously showed a corresponding strain gradient 
limit of ~48 µε/mm. In this respect, the FOS system evaluated in the current study is a significant 
improvement. The distributed strain mapping capability together with the small size, light weight 
and fatigue resistance of FOS offers significant advantages over foil strain gauges for long-term 
monitoring purposes.   

For future work, streamlining the integration and implementation of the measurement 
techniques by defining feature points of interest in the DIC software prior to exporting image 
data is recommended. Trialling FO distributed strain sensing and DIC technologies on full-scale 
fatigue test articles for further evaluation is also recommended. 
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Abstract. A new high operating temperature (HOT) midwave infrared (MWIR) imaging core is 
experimentally evaluated for use in automated inspection of composite impact damage by line 
scan thermography (LST). This evaluation is undertaken as part of a broader effort to develop an 
autonomous inspection capability for aerospace composite structures, deployable by ground and 
aerial robotic systems. The performance of the HOT MWIR core is assessed against a high-
performance cooled photon-detector camera, an uncooled microbolometer core and an uncooled 
microbolometer camera, on two carbon epoxy laminate test specimens: one containing flat-
bottom-hole synthetic defects and the other barely visible impact damage (BVID) introduced by 
controlled low-velocity impact. These test panels are scanned using a 3-axis robotic LST 
apparatus, at speeds of 25 and 100 mm/s. The HOT MWIR core is shown to match the detection 
performance of the cooled camera, and to significantly outperform both microbolometers.  The 
high performance of this core combined with its relatively low mass, size and power 
consumption offers an encouraging basis for the development of a drone-deployable LST 
inspection capability. 
Introduction 
The use of carbon fibre reinforced polymer (CFRP) components in aircraft construction has 
increased steadily over time. For example, a typical airframe manufactured in the 1970s 
contained approximately 5% by weight in CFRP, whilst a modern A350 contains over 50% [1]. 
This trend is continuing.  CFRPs have many practical advantages over metals for aircraft 
construction, including a higher strength and stiffness to weight ratio and better corrosion and 
fatigue resistance.  However, they are more prone to damage by impact.  Barely visible impact 
damage (BVID) [2] is of particular concern as this type of damage is difficult to detect by visual 
inspection and if left undetected can result in component failure. This has driven interest in more 
rapid and reliable methods of BVID detection, sizing and analysis. Automated and autonomous 
inspection by aerial and ground robotic systems [3,4] is an emerging area of interest with the 
potential to significantly reduce inspection time and cost relative to current practice. 

Several different non-destructive testing (NDT) methods have been applied to BVID 
inspection [5]. These can be broadly categorised into contact or non-contact methods; contact 
methods, e.g. ultrasonic, eddy current and liquid penetrant, are generally considered to be more 
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accurate but time consuming, whereas non-contact methods are generally faster and more 
versatile [6]. Active infrared thermography (AIT) [7] is a key non-contact method. AIT uses an 
external energy source, most commonly a high intensity lamp, to heat a subject and the resulting 
surface temperature distribution is observed with an infrared camera. The delaminations 
associated with BVID impede through-thickness heat flow resulting in a locally lower rate of 
cooling, thus producing a surface temperature contrast. 

Line Scan Thermography (LST) is a variant of AIT wherein a line source of heat moves at 
constant speed over the test area which is observed by an infrared camera moving in unison with 
the source [8]. LST has the capacity to inspect large areas of structure at relatively high speed 
and the potential to be deployed by either an unmanned aerial vehicle (UAV) or unmanned 
ground vehicle (UGV) [9]. Preliminary work toward realising such a capability was undertaken 
using a 3DOF Cartesian robot and was reported in [10].  In this previous work, experimental 
testing on laminate samples containing BVID produced generally encouraging results, but it also 
demonstrated that a relatively high-performance infrared imaging capability is necessary to 
achieve satisfactory detection results; specifically, a cooled photon imager was shown to 
significantly outperform a microbolometer. However, cooled detectors are relatively large and 
expensive and for these reasons impractical for the drone-based inspection application under 
consideration. 

The recent emergence of high operating temperature (HOT) medium wave infrared (MWIR) 
imaging core technology offers a potential solution.  These HOT MWIR cores employ a type II 
strained layer superlattice (T2SL) sensor material which suppresses dark current noise at 
significantly higher detector operating temperatures (~120 K) than are required for traditional 
cooled photon detectors (~77K) [11].  This reduced cooling requirement results in a device 
which is comparatively much smaller, lighter, and power efficient, whilst achieving similar 
imaging performance. 

The principal aim of the present work is to experimentally evaluate the LST inspection 
performance of this new class of infrared imaging device against a conventional high-
performance cooled photon camera and two uncooled microbolometers. Complementary 
multiphysics-based simulations of the LST process are also undertaken to verify a new image 
processing approach called dynamic pulse phase thermography (DPPT) which is used to extract 
defect signatures from raw data obtained from the different imaging devices. 
Experimental Testing 
LST experiments were undertaken using a 3-axis Cartesian robotic facility illustrated in Fig. 
1(a). 

Translation along the three axes is achieved using brushless DC motors which are driven 
through a programable logic controller (PLC). The LST sensing apparatus comprises an infrared 
imager and luminaire installed at the base of the z-axis robot arm. The luminaire (Fig. 1(b)) 
contains a polished metal parabolic reflector which focuses light from a 118 mm long 150 W 
quartz-halogen lamp positioned at the reflectors focal point, to a line width of ~20 mm at a 
distance 500 mm from the lamp.  Previous work has shown that this line width is sufficient to 
produce reliable indications of the composite damage targeted in the present investigation [10]. 

Table 1 lists the four IR imaging devices considered in this study along with relevant 
specifications.  The last three rows of this table illustrate the profound difference in size, mass 
and power consumption of uncooled HOT MWIR detectors compared to a typical cooled 
camera. Henceforth, these imagers will be referred to by the designation given in Table 1. 
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(a)  
 

         

(b) 
    

      
Fig. 1: (a) Schematic of 3-axis Cartesian robot showing key LST system components. 

(b) Luminaire comprising a lamp and parabolic reflector, with 300 mm ruler shown for scale. 
  

 
Table 1: Infrared imager specifications. 

 
Type Microbolometer Microbolometer Cooled  

Photon detector 
HOT  

Photon detector 
Manufacturer and model FLIR Boson A640 Xenics Gobi 640 FLIR SC6000 FLIR Neutrino LC 

Designation μB-VOx μB-aSi PD-cooled PD-HOT 
Detector Vanadium Oxide Amorphous Silicon Indium Antimonide HOT MWIR 

Spectral range [μm] 7.5–13.5 8.0–14.0 3.0–5.0 3.4–5.0 
Published NETD [mK] 50 55 18 30 

Array size 640×512 640×480 640×512 640×512 
Frame rate [Hz] 60 50 100 60 

Dimensions ((L×W×H)) [mm] 21×21×11 79×49×49 320×141×159 79×45.5×61 
Mass [g] 7.5 (without lens) 263 4500 380 

Power [W] +0.5 4.5 50 4.5 
 
Composite test samples 
Two composite panels were examined in this study (see Fig. 2). The first panel is a rectangular 
laminate 330 x 240 x 2.5 mm in size and consisting of 9 plies of M18/1/43% G939 carbon-epoxy 
biaxial pre-preg in the layup [45/0/0/−45/0/−45/0/0/45]1. This panel contains six flat bottom 
holes (FBH) of 5, 10, and 20 mm diameters at two different depths corresponding to a residual 
panel thickness of 1 and 1.5 mm, as illustrated in Fig. 2(a). The second panel is also a 
rectangular, 470 x 100 x 4 mm in size and consists of 30 plies of IM7/977-3 carbon-epoxy pre-
preg in the lay-up [45/0/0/−45/90]S3. This second laminate contains a single BVID feature 
introduced by a 10 J controlled low-velocity impact. The presence of BVID in this panel was 
previously verified by flash thermography and pulse-echo ultrasonic testing, with indications 
produced by these methods shown in Fig. 2(b).  The inspection surfaces of both samples were 
given a thin coating of high-emissivity matt black paint in preparation for LST testing. 
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(a)  
 

        

(b)  
 
        

 

Fig. 2: (a) Composite panel containing six FBH defects. Back face showing FBH and front face 
with high emissivity paint coating. White dotted rectangle indicates area where defects are 

located. (b) BVID panel with damage confirmed by flash thermography and ultrasonic testing. 
  

Test and Processing Methodology 
LST inspections of the FBH and BVID test panels were undertaken using the four previously 
described imagers. A single scan consisted of one sweep of the sensor head in the x-direction at a 
constant speed of 25 mm/s and 100 mm/s.  Data acquired from each scan was post-processed 
using DPPT to produce a set of phase maps that were used as the basis for the performance 
comparison between detectors.  The DPPT approach was detailed previously in [10]. For the 
purposes of the present article the salient feature of DPPT is that it maps thermal contrasts 
produced by sub-surface defects into dipole-like phase signatures, as will become clear in the 
following sections. 
Numerical Simulations 
Numerical simulations of the heat diffusion physics associated with an LST inspection were 
undertaken for two reasons: (i) to produce synthetic data for verification that the DPPT algorithm 
is functioning correctly and (ii) to foster insight into the LST process and in particular the effect 
of scan speed on the defect signature. The simulations were conducted using the COMSOL 5.3 
software package. Only the FBH sample was considered and was modelled as a three-
dimensional transversely isotropic plate, with Table 2 listing the relevant material properties 
used for the simulation.  The heat source was modelled as a Gaussian pulse (see Fig. 3) with a 
full-width at half-maximum dimension of 20 mm. The laminate was meshed using tetrahedral 
elements and the solution was advanced in time steps of 0.01 s. 
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Fig. 3: Modelled plate geometry with key 

parameters. 
 

Table 2: Material properties and 
simulation parameters. 

 
Material properties and parameters 
Density (ρ) [kg/m3] 1530 
Heat capacity (Cp) [J/(kg K)] 950 
Lateral thermal conductivity  
(Kx, Ky) [W/mK] 

3.19 

Thickness thermal conductivity  
(Kz) [W/mK] 

0.57 

Scan velocity [mm/s] 25,100 
Beam width [mm] 20 
Defect diameter [mm] 20, 10, 5 

 

Two scan velocities were considered in the simulation: 25 mm/s and 100 mm/s, which 
correspond to the velocities also considered in the experimental work.  Fig. 4(a) shows a 
representative surface temperature distribution from a simulation conducted at a 25 mm/s scan 
speed, at a time ~ 8 seconds after the source has passed over the centre of the FBH region, which 
corresponds to peak contrast for the FBH signatures.  A 1.35 s time window corresponding to 
when the defects are in the field of view of the IR imager during an experimental scan (between 
14.65-16 s on the scale shown in Fig. 4(a)) was processed using DPPT to produce the phase map 
in Fig. 4(b).  
 
(a) 
 

 

(b)      

         
Fig. 4: (a) Surface temperature distribution obtained from simulation of a 25 mm/s scan of FBH 

panel; timeline indicates heat flux position relative to panel.  
(b) Corresponding DPPT phase map at 945 mHz, 120 mm square region of interest. 

 
The circular dipole signatures in Fig. 4(b) closely resemble experimentally obtained 

signatures reported in [10] and thus confirm proper functioning of the DPPT algorithm. 
Additionally, this result provides validation of the modelling capability, which is important for 
future development of this approach in allowing different inspection parameters and scenarios to 
be investigated in a simulated environment with confidence. 
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Results and Discussion 
Experimentally obtained FBH panel scan results corresponding to the four different IR imagers 
are compared in Fig. 5. These scans were undertaken at 25 and 100 mm/s, and the results 
correspond to the phase at 945 mHz, obtained from DPPT applied to a 1.35 s data window. 

 
Fig. 5: Phase maps corresponding to FBH panel scanned at 25 mm/s and 100 mm/s for each IR 

imager. The region of interest is square with side dimension of 120 mm. 
 

These results show that the 20 mm and 10 mm diameter FBH defects are well resolved at the 
slowest scan speed for all imagers. However, for the 5 mm diameter defects, signatures are 
discernible, albeit faintly, only for the PD-cooled and PD-HOT imager results. The performance 
gap between these devices and the two microbolometers is more significant in the high scan-
speed results (bottom row).  Here, even the larger diameter defects are barely visible in the μB-
VOx results, and only marginally more visible in the μB-aSi results. The PD-HOT imager yields 
noticeably better results than the PD-cooled camera, which is interesting given the relative noise 
equivalent temperature difference (NETD) specifications of these devices (see Table 1).  It is to 
be noted that the failure to resolve between the two rows of defects at the 100 mm/s scan speed is 
due to a trade-off between scan speed and spatial resolution in LST, an issue that will be 
considered more thoroughly in a separate study. 

The experimental results obtained from the PD-HOT core and PD-cooled camera for the FBH 
panel were also compared to corresponding predictions from the previously described numerical 
model, as shown in Fig. 6. This comparison illustrates remarkably good correlation, which 
provides further confidence in the developed model. 

Fig. 7 shows results obtained for the BVID panel using the PD-HOT and PD-cooled imagers, 
at scan speeds of 25 and 100 mm/s.  Signatures corresponding to the BVID are discernible in all 
four cases, but are strongest at the faster scan speed, presumably because of the shorter time 
available for heat diffusion.  This result is encouraging from the viewpoint of developing a rapid 
inspection capability deployable by drone, for which HOT-MWIR imaging core technology 
appears well suited.    
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Fig. 6: Comparison of phase maps obtained from simulation and experimentally for the PD-
cooled and PD-HOT imagers at scan speeds of 25 mm/s and 100 mm/s. The region of interest 

and time window is unchanged from the previously described case. 
 

 
Fig. 7: Phase maps corresponding to BVID panel scanned at scan speeds of 25 mm/s and 100 

mm/s using the PD-cooled and PD-HOT imagers. Dashed ellipse outlines defect signature 
ellipse. The region of interest is 85 mm x 110 mm and observation time was 1.35 seconds. 

Conclusion 
A new high operating temperature mid-wave infrared imaging core has been experimentally 
evaluated for use in rapid automated inspection of composite damage by line scan thermography. 
The performance of this device was tested against an amorphous silicon microbolometer, a 
vanadium oxide microbolometer and a mid-wave cryogenically-cooled photon detector camera 
on composite laminates with flat-bottom-hole synthetic defects and barely visible impact 
damage.  On both laminates the imaging core significantly outperformed the microbolometers 
and yielded comparable performance to the cooled camera.  Given this core is a fraction of the 
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mass and size of a typical cooled camera and consumes considerably less power, these results are 
encouraging for the development of a drone-deployable composite inspection capability using 
line scan thermography. 
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Abstract. Laser metal deposition (LMD) is a laser-based additive manufacturing (AM) 
technology that offers significant advantages in the production and repair of bespoke and 
valuable parts targeting applications in the aerospace, tooling and medical industries. A 
significant problem with AM is the development of high residual stresses, deformation and 
cracking. Advanced sensing technologies can be a useful tool for characterising residual stress 
(RS) and the structural response of AM aerospace components under fatigue loading conditions. 
This paper reports on a feasibility study assessing the performance of fibre optic (FO) distributed 
strain measurement technology to measure surface RS in comparison to traditional electrical 
resistance strain gauges and the contour method. The results from this study will be used to 
justify further experimental work. 
Introduction 
LMD applications have been targeted for repairing intricate geometries and structural restoration 
of specialised high value components such as sintered tools and aerospace components [1,2]. 
Metallic powder is blown through a deposition nozzle and heated with a laser to produce a 
metallic bead that is deposited, layer by layer and track by track, to build-up a part or to add 
layers of material to an existing part. The nozzle system shrouds the work area with shield gas 
thereby eliminating the requirement for enclosures with controlled environments and thus 
providing exciting opportunities for Defence applications. 

LMD delivers high density deposited material with a strong metallurgical bond to the 
substrate. However, the repeated and highly localised heating and cooling lead to non-uniform 
thermal expansion and contraction which results in a complicated distribution of RS in the heat 
affected zone (HAZ) and distortion of the part [3,4]. Similar to the HAZ in welding, RSs are 
detrimental to the structural integrity of the part, with warping and stress concentrations 
promoting fatigue cracking and inducing unpredictable buckling in service. 

The nature and magnitude of RS in the deposited material and substrate affect the integrity of 
the component. In a previous study RS was reported to be lower transverse to the deposition 
track and for shorter track lengths, due to higher remnant heat leading to smaller temperature 
gradients which in turn leads to lower RS [5]. The HAZ and molten pool had an elongated shape 
in the deposition direction and the temperature gradient was pronounced due to the relatively low 
thermal conductivity of Ti6Al4V [6]. This could induce an uneven RS profile with peak RS 
coinciding with the final track deposit and laser stop position [7].  
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 Methods for measuring RS include the contour method, a destructive and time-intensive test 
that determines RS by creating a free surface and measuring the resulting deformation due to RS 
redistribution. It delivers a 2D through-thickness RS contour map. Neutron diffraction delivers a 
non-destructive through-thickness line measurement but is sample-size restrictive and time-
intensive. In the present study, a non-destructive alternative is proposed using FO sensing (FOS), 
a rapidly evolving technology which has been considered for structural health monitoring of 
airframes, bridges and pipelines.  

Developments in FOS using continuous fibre gratings allow this technology to offer a densely 
distributed strain measurement capability.  Distributed sensing is achieved using a low 
reflectivity grating, which is a small periodic change in refractive index of the glass fibre core, 
written over the entire fibre length as it is being fabricated in the draw tower. This configuration 
is known as a continuous fibre grating [8]. These sensing systems rely on spatially interrogating 
the backscattered light from the gratings via optical frequency domain reflectometry (OFDR), 
which measures the spectral shift of the backscattered light in time (via a fast Fourier transform) 
and then scales this shift by the known number of gratings to correlate changes in length to 
corresponding changes in strain [9].  

It was proposed that FOS could potentially deliver surface RS measurements comparable to 
the well-established contour method in a shorter timeframe. Therefore, this paper reports on a 
feasibility study assessing the performance of FO distributed strain measurement technology to 
measure surface RS in comparison to industry standard electrical resistance foil strain gauges 
(FSGs) and the contour method reported in [4]. The results from this feasibility study will be 
used to justify further experimental work. 
Experimental Method 
Material. Rectangular section fatigue coupons, measuring 200 × 19 × 6.35 mm, were 
manufactured from Ti-6Al-4V plate, Figure 1(a). A section measuring 19 × 12.7 × 0.8 mm was 
machined out of the centre gauge length (Figure 1, BL-GO) and repaired with one layer of laser 
deposited Ti-6Al-4V powder. The RS distributions of two deposition strategies were studied: 
LMD-1 is a continuous raster scan with deposition tracks parallel to the coupon length and 
loading direction, Figure 1(b); and LMD-2 which is a continuous raster scan with deposition 
tracks perpendicular to the coupon length and loading direction, Figure 1(c). Five coupons were 
tested in total, two LMD-1 and three LMD-2 type coupons. The baseline and baseline grind-out 
coupons are shown in Figure 1(a) for reference only. Thermal cycling and RS from the repair 
process resulted in coupon bowing, Figure 2. 

 
Figure 1. Fatigue coupons: (a) baseline (BL) with no repair; baseline grind-out (BL-GO) with 
no repair but indicates repair area; laser metal deposition (LMD-1) repair tracks parallel to 

coupon gauge length and loading direction, refer to (b); and (LMD-2) repair tracks 
perpendicular to coupon gauge length and loading direction, refer to (c).   

(b) 

(a) 

(c) 
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Figure 2. Side view of fatigue coupons pinned down on left hand side, showing BL (bottom), BL-

GO (centre) and bowing of LMD-1 and LMD-2 repaired coupons (top, labelled LMD-1 and 
LMD-2).  

Instrumentation. The coupons were instrumented with a 3 m sensing length of commercially 
supplied all grating fibre (FBGS) that was interrogated using an OFDR based measurement 
system (Sensuron Summit). This sensing system combination offers a minimum spatial 
resolution of 1.6 mm and a notional ± 1 µɛ accuracy.  

Loctite EA9309.3NA epoxy was used to adhere the sensing fibres to the titanium alloy 
substrate in parallel lines along the gauge and loading axis in a looping format with unbonded 
loops, Figure 3(a). Twelve sensing lines were adhered with four parallel lines on the repair face 
and back face and two parallel lines on the side gauges, Figure 3(b).  

 

 
Figure 3. FO instrumentation layout: (a) lead-in FO begins at top left with four parallel lines 

adhered on the repair face showing unbonded loops, and (b) adhering and looping format 
continued wrapping around the coupon in a clockwise direction. 

 
An example LMD-2 coupon was instrumented with FOS and FSGs for direct strain data 

comparison and validation with an industry standard technique. Two Kyowa copper plated 120-
ohm KFG-1-120-D9-11N10C2 FSGs were adhered in line along one half of the coupon gauge 
length and repair area to measure strain in the direction of loading, Figure 4. An optical fibre was 
adhered in line with the FSGs on the other half of the coupon, with another two FO lines adhered 
directly adjacent to the FSGs and spanning the gauge length. The strain gauges were adhered to 
the titanium alloy substrate using M-Bond adhesive. These FSGs provide 2 mm spatial resolution 
and a notional ± 1 µɛ accuracy. A National Instruments Data Acquisition (NI DAQ) chassis and 
NI-9235 8-channel C series strain/bridge input module were used to capture FSG data. For 
comparison to published data, FOS and FSG strain data were converted to stress using Equation 
1, where σ is stress, E is elastic modulus (121 GPa) and ε is the measured strain. 

σ = E × ε       (1) 

Load Application. Coupon loads were applied using a 100 kN servo-hydraulic mechanical 
testing machine in a National Association of Testing Authorities (NATA) certified laboratory. 
The upper coupon grip was secured with hydraulic wedge-grip jaw faces. While the lower 
coupon grip was unclamped, instrumentation was calibrated and zeroed. Residual stress was 
recorded when the lower coupon grip was secured with grip pressure and zero applied load, 

LMD-1 
LMD-2 

Lead-in FO with 
protective sleeve 

(a) (b) 
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forcing the bowed coupon to straighten. Therefore, the RS distributions reported in this paper 
were equal in magnitude but opposite in sign to those accumulated during the repair, that is, RS 
was measured in reverse. FSG and FO strain data was recorded during a 0-40 kN ramp load 
excursion to enable comparison between the two sets of measurements. 
 

 
Figure 4. Two FSGs (labelled) were instrumented in line along one half of the coupon gauge 

length and repair area to measure strain in the direction of loading. An FO sensor was adhered 
in line with the FSGs on the other half of the coupon (labelled FO L3) with a second (labelled 

FO L2) and third FO line (labelled FO L3) adhered directly adjacent to the FSGs and spanning 
the gauge length.  

Results and Discussion 
Strain profiles along the gauge length measured with the FOS and FSGs at zero uniaxial load and 
at 40 kN are compared in Figure 5, with the data arranged as instrumented in Figure 4. It is to be 
noted that when the coupon is clamped under grip pressure a straightening moment results, 
which explains the non-zero RS profile at zero applied load.  The strain profiles are in general 
agreement, with evidence of an uneven RS profile both along and across the gauge length. This 
observation is consistent with other reported studies [4,6]. The highest RS was recorded in FO 
L2, with a peak value of 153 MPa, while the peak stress value at maximum applied load 
occurred in FO L1. Although not shown here, coupon fatigue initiation and fracture occurred 
between FO L1 and FO L2 approximately -6 mm from the repair centre where the FO line 
graphs overlap at maximum applied load, Figure 5(b). The peak RS for the five coupons tested 
are summarised in Table 1 and ranged between 107-179 MPa, with these values correlating well 
with the severity of bowing. This range is consistent with near-surface RS values measured by 
the contour method reported in [4]. RS values are expected to vary between coupons due to 
thermal cycling of multiple clad coupons on a build plate which leads to different bowing 
profiles. These results show that FOS can provide a reasonable estimate for the RS distribution 
and of the peak stress at high load, for this application. 

 
 Table 1. Summary of measured coupon bowing and residual stress obtained from FO sensors. 

Repair 
Strategy 

Bowing 
[mm] 

Peak Residual 
Strain [µε] 

Peak Residual 
Stress [MPa] 

LMD-1 5.06 1478 179 
LMD-1 3.74 1047 127 
LMD-2 3.05 882 107 
LMD-2 4.21 1220 148 
LMD-2 4.77 1265 153 

 
  

FO L2 

FO L1 

FO L3 FSGs 
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Figure 5. Example LMD-2 strain profiles along the gauge length from FO sensors and FSGs are 
presented at two load conditions: zero applied load, corresponding to residual stress distribution 

(a), and at 40 kN, corresponding to an applied stress of 500 MPa (b).   
 

Results from the coupon fatigue testing, including FOS determined RS values and profiles, 
are presented in the following format through Figures 6-9:  the residual stress distribution along 
the entire fibre length for all four coupon sides (refer to Figure 3), a magnified view of the peak 
RS which is shown in the same orientation as the coupon photos, i.e. left to right along the gauge 
length, and coupon photos showing the instrumented gauge, the machined section indicating 
repair area and the fatigue fracture location. 

LMD-1 Results. The RS distribution for an example LMD-1 coupon is shown in Figure 6(a). 
As mentioned previously, RS values reported in this paper are equal in magnitude but opposite in 
sign to those accumulated during the repair. Under grip pressure and zero axial load, the repair 
face was in tension while the back face was in compression. Regions in the graphs showing zero 
strain correspond to un-bonded fibre, i.e. the looped fibre at the end of each adhered line, Figure 
6(a) and 6(b). The RS profile both along and across the gauge length was uneven, indicated 
respectively by the different peak values and asymmetric profiles labelled F1 to F4 in Figure 6(a) 
(the corresponding FOS lines are labelled in Figure 6(c)). These profiles indicate increasing RS 
along the gauge length from left to right and across the gauge from F4 to F1. The maximum RS, 
corresponding to profile F1 (shown magnified in Figure 6b), was 179 MPa and occurred at the 
repair and HAZ interface. This maximum coincided with the coupon fracture and fatigue 
initiation location (arrowed in Figure 6c).  

The RS distribution for another example LMD-1 coupon is shown in Figure 7(a). The RS 
profile both along and across the gauge length was uneven, with profiles labelled F1 to F4 
showing increasing RS along the gauge length from left to right and across the gauge from F1 to 
F4. The maximum RS corresponding to profile F4 was 127 MPa and coincided with the coupon 
fracture and fatigue initiation location (arrowed in Figure 7c).  

 

(a) (b) 
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Figure 6. The RS profile labelled F1, shown magnified in (b) and labelled in (c), indicates the 

peak RS location. Peak RS aligned with the fatigue crack initiation and fracture location 
arrowed in (c). 

 
Figure 7. As in Figure 6, the RS distribution for another representative LMD-1 coupon. Peak RS 

aligned with the fatigue crack initiation and fracture location arrowed in (c).  
 

LMD-2 Results. The RS distribution for an example LMD-2 coupon is shown in Figure 8(a), 
noting FOS instrumentation began on the back of the coupon in this case. The RS profile both 
along and across the gauge length was more evenly distributed than for the LMD-1 coupons, 
referring to profiles labelled F7 to F10 in Figure 8(a) and 8(c). The peak RS occurred in F10 
(shown magnified in Figure 8b and labelled in Figure 8c) and was ~148 MPa. This peak RS 
coincided with the coupon fracture and fatigue initiation location (arrowed in Figure 8c).  

 
Figure 8. The RS distribution for a representative LMD-2 coupon. Peak RS aligned with the 

fatigue crack initiation and fracture location arrowed in (c). 

(b) 

Loading and repair direction 
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The RS distribution for another example LMD-2 coupon is shown in Figure 9(a). The RS 
profile along the gauge length was uneven, referring to the four asymmetric profiles labelled F1 
to F4. These profiles showed increasing RS along the gauge length from left to right. The 
maximum RS corresponding to profile F3 was 107 MPa and did not coincide with coupon 
fracture and fatigue initiation location (arrowed in Figure 9c). In this case, fatigue cracking 
initiated and propagated from the coupon side and although significant RS was noted on both 
coupon sides it did not align with the fracture and initiation location. A significant surface-
breaking feature was observed at the fatigue crack origin outside of the repair area in the 
substrate material. The stress concentration associated with the feature likely had a greater 
impact on fatigue crack initiation than RS. 

 
Figure 9. RS distribution for another LMD-2 coupon is shown in (a). Peak RS did not align with 

the fatigue crack initiation and fracture location, arrowed in (c). 
Overall, the LMD-1 strategy produced a significantly uneven RS profile both across and 

along the gauge length in the deposition direction compared to LMD-2. This was consistent with 
the HAZ and molten pool having an elongated shape in the deposition direction and it is likely 
that the peak RS coincided with the final track deposit and laser stop position [6,7]. LMD-2 
produced a more evenly distributed RS profile with a slight trend towards the laser stop position. 
This is likely due to the shorter deposition tracks having higher remnant heat which leads to 
smaller temperature gradients and lower RS.  
Conclusions 
RS values derived from FOS and FSGs were generally consistent, with the peak RS for the five 
coupons tested ranging between 107-179 MPa. This range was also consistent with near-surface 
RS values determined by the contour method. RS values and profiles are expected to vary 
between coupons due to thermal cycling of multiple clad coupons on a build plate. The results 
showed FOS strain measurements to reflect with relatively good accuracy the surface RS 
distribution and peak stress values under load, thereby validating the suitability of FOS for the 
investigation of surface RS in laser repaired coupons of the type considered. Additionally, the 
study showed FOS can identify surface RS hotspots and therefore potential failure locations. Due 
to the limited number of tests in the present study, further testing is required to confirm this 
correlation and understand the effect of applied stress on fatigue initiation and fracture location, 
as well as fatigue life.  

The FOS RS estimates reported in this paper were obtained by forcing bowed coupons to 
straighten, which limits the application of this approach to relatively thin structures. Although, 
the contour method provides a through-thickness RS map, it is destructive and cannot be 
economically applied for every LMD sequence. However, with FOS used as a complimentary 

(b) 

F1 F3 

(a) 

F4 

Peak RS 

(c) 
F1 
F4 
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technique, it was possible to characterise surface RS for every coupon in the test matrix which 
identified correlations between peak RS values and the failure location.  

Future work will investigate the RS distribution and structural response of LMD repairs 
during cyclic loading. The test matrix will incorporate two stress levels and repair strategies to 
establish a correlation between repair direction, fatigue life and stress with fatigue fracture 
initiation and location. The aim is to understand whether RS mapping can assist prediction of 
failure location of repaired coupons. These findings will be validated with post-test 
fractography.  
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Abstract. Packaged optical fibre sensors offer excellent strength and resistance to environmental 
degradation, but the reported reliability and durability of fibres containing fibre Bragg gratings 
(FBGs) varies greatly. This is partly due to the fabrication methodologies used to create the 
sensors. The trans-jacket grating inscription technique uses an infrared laser to write gratings into 
the fibre core through the polymer coating. This method eliminates the need for harsh coating 
removal processes and exposure of the glass fibre core and thus dramatically reduces fibre 
damage during grating fabrication. In addition, the automated trans-jacket inscription process 
introduces greater flexibility to control the writing parameters, facilitating a consistent process 
for producing robust, fatigue resistant distributed FBG sensing arrays with reliable and 
repeatable performance that could revolutionise their application in structural health monitoring 
(SHM). This paper reports on the durability and reliability of Bragg gratings with different fibre 
geometries, dopants, and photo-sensitising approaches to compare the overall fatigue 
performance of trans-jacket FBG sensors. Both type I gratings which are inscribed using a laser 
power intensity below the damage threshold of the glass core, and type II gratings which are 
inscribed exceeding this threshold, are considered. The fatigue performance of these FBG 
sensors was assessed using a custom designed electro-dynamically actuated loading assembly. It 
is concluded that type I trans-jacket gratings have a significantly higher fatigue life compared to 
type II gratings for the same fatigue loading regime. Despite the lower fatigue life, type II trans-
jacket gratings are found to perform significantly better than conventional electrical foil gauges. 
Therefore, trans-jacket gratings have significant potential for application as dense sensing arrays 
in harsh operational environments in defence and aerospace industries. 
Introduction 
FBGs are periodic variations in the refractive index of the fibre core. They are inscribed by 
photo-sensitising the glass and then exposing the fibre core side to laser light with a spatially 
modulated intensity pattern [1,2]. The grating is designed to act as a narrow-band reflector, 
reflecting light of a specific wavelength known as the Bragg wavelength and transmitting light at 
all other wavelengths. FBG sensors have been widely used as sensing elements for strain, 
temperature, and pressure measurement over the last decade [3-5].  

FBG sensors are small, flexible, relatively simple to fabricate, corrosion resistant, and 
immune to electromagnetic interference (EMI), making them well suited to embedded strain and 
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temperature monitoring applications [6-8]. However, the reported performance variability of 
FBG sensors impedes their wider acceptance and application. This is partly due to the various 
commercial fabrication methodologies used to create the sensors [9]. For example, the 
conventional stripped and recoated FBG writing method involves manual handling that 
introduces surface damage in the unprotected region of the glass, which affects the fibre’s long-
term reliability and durability [10,11]. Ang et al [12] reported a fatigue failure strain of 5000 µε 
when a stripped and re-coated FBG embedded in composite material was tested, which is only 
10% of the tensile strain limit for pristine fibres. 

Trans-jacket inscription of FBGs relies on femtosecond laser pulses to direct focused energy 
into the fibre core through the fibre coating. This technique relies on maintaining the laser focus 
in the core of the fibre to avoid damage to surrounding fibre and coating materials. This is a 
relatively new technique which has emerged following recent improvements in beam stability 
and pulse energy for ultrafast lasers. The resulting gratings maintain the mechanical robustness 
of the pristine fibre, which is paramount for fatigue resistance [13]. A novel aspect to the 
inscription methodology employed by these researchers was an active feedback mechanism to 
keep the beam focused in the core of the fibre during inscription, which may be a factor in the 
superior fatigue performance of these gratings. This methodology was employed to manufacture 
both type I and type II FBGs in the current study, providing a set of sensors for systematic 
fatigue testing. 

FBGs written using continuous wave (CW) lasers at low energy intensities are referred to as 
type I gratings, also known as standard gratings [2]. In the present work, the type I trans-jacket 
FBGs were manufactured according to the experimental procedure and parameters detailed in 
[13,14]. Type II gratings, also called damage induced gratings, are written by multi-photon 
excitation with higher intensity laser energies that exceed the damage threshold of the glass core 
[2]. Type II gratings can tolerate much higher temperatures compared with type I gratings, and 
are often adopted in high temperature sensing environments. The fatigue performance of type II 
gratings has not been extensively studied but, given that the glass is essentially damaged in the 
region of the grating [15,16], it is expected that there will be some deterioration in the fatigue 
performance compared to type I gratings. 

The fatigue performance characteristics of foil strain gauges (FSG) are not ideal for long-term 
full-scale fatigue testing (FSFT) of aerospace platforms [17]. In a previous fatigue study FSGs 
tested at a load amplitude of 1000 µε were found to last in the order of 100 million cycles; at 
5200 µε the fatigue life was significantly less, ~1000 cycles, and at 7000 µε the fatigue life was 
further reduced to ~100 cycles [18]. It was considered unusual for a typical FSG to survive more 
than 200,000 cycles at 4000 ± 2000 µε [19]. Thus, the prospect of a durable and fatigue-resistant 
optical fibre strain sensor offers significant benefits for this and similar applications. The wiring 
and soldered connections associated with a large number of foil strain gauges can lead to 
reliability issues and excessive weight on the structure can influence test results. In addition, the 
ability to multiplex large numbers of sensors along a single fibre enables significant scale and 
complexity reduction relative to a wired sensor system, using a medium which is immune to 
electromagnetic interference. To validate that trans-jacket FBGs have potential to replace FSGs 
in the field for long-term structural health monitoring of aerospace platforms, this paper 
evaluates the fatigue performance of type I and type II trans-jacket FBG sensors fabricated with 
different fibre geometries, dopants, and photo-sensitising approaches.  
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Experimental Methods 
A novel electro-dynamically actuated fibre loading rig was designed and constructed which can 
operate at relatively high frequency (see Fig. 1). The dynamic range of this rig was designed to 
induce tensile strains in an optical fibre of up to 36,000 µε at a fixed 100 Hz cyclic loading 
frequency [20]. 

 

 
Figure 1. (a) Picture of optical fibre test rig bolted to an electrodynamic shaker. (b) Schematic 
illustrating working principle of the test rig [20], with the FBG mounted between the moving 

part and the stable part (labelled). 
 

The reflection and transmission spectra are mainly determined by the grating length, index 
contrast, and grating pitch of the FBG sensor [21]. Pre- and post-fatigue test FBG reflection and 
transmission spectra were characterised by a high-resolution tunable laser (Yenista TS100) 
combined with a component tester (Yenista, CT400). The key features of the FBGs, such as 
centre Bragg wavelength, side lobes, and reflectivity were studied to determine whether fatigue 
loading had any impact on the spectral profile and, in the case of the fractured fibres, whether the 
fracture occurred within the region of the grating, which is indicated by a drop in reflectivity.  

Constant amplitude sinusoidal loading was delivered by a high capacity electrodynamic 
shaker (TIRA S50350) controlled by a Vibration Research Corporation 8500 vibration controller. 
The amplitude of this loading was adjusted manually to achieve the desired level of cyclic strain 
in the fibre using the fibre signal as feedback, see Fig. 2 (a). Fig. 2 (b) shows a signal from a 
trans-jacket FBG sensor corresponding to a strain excursion from 0 to 25,000 µε at 100 Hz.  

The strain induced in the FBG sensor was measured continuously using an industrial grade 
optical sensing interrogator (Micron Optics Si255). The Bragg wavelength for an unstrained 
FBG sensor tested in the loading rig was 1560 nm. The available dynamic strain range of the 
interrogator is approximately 130,000 µε across a wavelength of 1460 nm to 1620 nm. 
Therefore, the interrogator provides sufficient wavelength range for the strains considered in the 
present work.  
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Figure 2. (a) Complete fatigue testing experimental setup. (b) An example time history of the 

strain response to directly monitor strain in fibre. 
 

A total of 160 trans-jacket FBG sensors were fatigue tested. The optical fibres were supplied 
by OFS and FibreCore to span a range of different fibre sizes and dopant levels, as shown in 
Table 1. The silica fibre core was doped with germanium to increase refractive index compared 
to the fibre cladding and to increase photo-sensitivity. 
 

Table 1. Optical fibre specifications. 

Optical fibre 
Operating 

Wavelength 
(nm) 

Mode field 
diameter, 

nominal (µm) 

Core 
diameter 

(µm) 

Clad 
diameter 

(µm) 

Numerical 
aperture, 
nominal 

Dopant 
(mol%) 

OFS: BF06160-02 
ClearLite POLY 
(4.6/125, 0.21NA) 

1310-1550 5.8 @        
1550 nm 4.6 125 ± 2 0.21 10 

OFS: BF04446 
ClearLite POLY 
(8.4/125, 0.11NA) 

1310-1550 10.5 @      
1550 nm 8.4 125 ± 2 0.11 3 

Fibercore: SM1500 
(4.2\80)P 1520-1650 4.0-4.5 @ 

1550 nm 4.2 80 0.29-0.31 20 

Fibercore: SM1500 
(9\125)P 1550-1650 8.5-9.9 @ 

1550 nm 9 125.1 0.13-0.15 3 

 
80 gratings of each type (type I & type II) were tested. The sensors were carefully fabricated 

under contract via a research agreement with an academic provider. Half of the fibres were 
deuterium loaded. The introduction of deuterium (D loading) can significantly reduce the energy 
required to inscribe a fibre grating using an IR laser, and hydrogen or deuterium loading of bulk 
doped glasses can significantly increase the femtosecond IR-induced index change [22]. 

Preliminary tests showed that type II gratings fractured at approximately 17,000 µε, while 
type I gratings could withstand extended cycling at strains up to 36,000 µε (maximum range of 
the loading apparatus) without failure. These results informed the development of loading 
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sequences used in the systematic testing of the fibres, which are shown in Tables 2 and 3, 
corresponding to the type I and type II gratings respectively.  

 
Table 2. Incremental loading sequence for type I gratings. 

Peak Strain (µε) 30000 32000 34000 36000 
Loading cycles (million) 0.5 0.5 0.5 0.5 

Table 3. Incremental loading sequence for type II gratings. 

Peak Strain (µε) 12000 14000 16000 18000 
Loading cycles (million) 0.5 0.5 0.5 0.5 

Results and Discussion  
Table 4 shows fatigue performance results corresponding to the type I gratings. All of the type I 
gratings survived the full loading sequence listed in Table 2, i.e. a maximum load of 36,000 µε 
and an aggregate 2 million loading cycles. These results suggest that type I gratings are suitable 
for applications involving severe mechanical loading, well beyond what would be experienced in 
a typical aerospace strain monitoring application.   
 

Table 4. Fatigue test results for type I gratings.  

FBG sensors  Deuterium 
loaded 

Specimens 
tested Fatigue results 

OFS:BF04446, ClearLite 
POLY (8.4/125,0.11NA) Y&N 30 

30000-36000 µε, 2 million cycles 
of loading survived  

OFS: BF06160-02, ClearLite 
POLY (4.6/125, 0.21NA) Y&N 10 

30000-36000 µε, 2 million cycles 
of loading survived  

FibreCore: SM1500(4.2/80) P Y&N 30 
30000-36000 µε, 2 million cycles 

of loading survived  

Fibercore: SM1500 (9/125) P Y&N 10 
30000-36000 µε, 2 million cycles 

of loading survived  
 

Table 5 shows the fatigue performance results corresponding to the type II gratings. The mean 
fatigue failure strain for each category of type II grating was approximately 17,000 µε.  

Although the failure strains of the type II gratings were significantly lower compared to that 
of the type I gratings, they far exceed the operational strains in most practical applications. The 
results were also considered against the reported fatigue performance of FSGs. The type II 
gratings tested in the present work significantly outperform the specialty fatigue resistant (M-
Series) FSGs, which reportedly are capable of withstanding only one million loading cycles at a 
strain amplitude of 2500 µε [18]. 

Figure 5 depicts schematically the fatigue failure locations recorded for the type II gratings 
(marked by a cross). As shown, all of the fractures occurred within or adjacent to the 5 mm 
sensor grating. A comparison of the pre- and post-fatigue reflection spectra (Fig. 5, top-left) 
shows a significant change in reflectivity in response to a fracture located within the grating. In 
contrast, when the fracture occurred outside of the grating there was relatively little change in 
reflection spectrum (Fig. 5, right), which is expected since the grating remains intact. Similar 
behaviour was witnessed for the type I gratings, as illustrated in Figure 6. 
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Table 5. Fatigue results for type II gratings. 

Fibre tested Deuterium 
loaded 

Samples 
tested 

Mean failure 
strain (µε) 

95% confidence 
interval 

OFS: BF06160-02, ClearLite 
POLY (4.6/125 0.21NA) Y 15 17600 ±324 
OFS: BF06160-02, ClearLite 
POLY (4.6/125 0.21NA) N 15 17900 ±400 
OFS: BF04446, ClearLite 
POLY (8.4/125 0.11NA) Y 5 17600 ±445 
OFS: BF04446, ClearLite 
POLY (8.4/125 0.11NA) N 5 16200 ±500 
Fibercore: SM1500 (4.2/80) P Y 5 17300 ±588 
Fibercore: SM1500 (4.2/80) P N 5 18100 ±480 
FibreCore: SM1500(9/125) P Y 15 17100 ±473 
FibreCore: SM1500(9/125) P N 15 16400 ±643 

 
 

  
Figure 5. Summary of failure locations schematically represented for one sample set of type II 

gratings. 

 
Figure 6. Pre- and post-fatigue reflection spectra of a type I grating. 
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Conclusions 
This paper has reported on the durability and reliability of Bragg gratings with different fibre 
geometries, dopants, and photo-sensitising approaches to compare the overall fatigue 
performance of type I and type II trans-jacket FBG sensors. The fatigue performance of these 
sensors was assessed using a custom designed electro-dynamically actuated loading assembly. It 
was concluded that type I trans-jacket gratings have a significantly higher fatigue life compared 
to type II gratings for the same fatigue loading regime. Despite the lower fatigue life, type II 
trans-jacket gratings are found to perform significantly better than conventional electrical foil 
gauges. Therefore, trans-jacket gratings have strong potential for application as dense sensing 
arrays in harsh operational environments in defence and aerospace industries. 

The results also illustrated that photo-sensitising, glass dopant and fibre geometry had no 
discernable impact on the mechanical performance of trans-jacket FBGs. The next stage of this 
research will focus on developing and testing reliable broad-area fatigue resistant attachment 
techniques for this new class of sensor.  
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Abstract. This paper details an investigation into the use of an alternate sonic thermography 
inspection process which uses both low-energy acoustic coupling and an inexpensive 
microbolometer camera to detect barely visible impact damage in composite structures. The 
impetus is to create a system that is affordable, robust, rugged and easy to use in the field. This 
paper shows that the new system is capable of detecting barely visible impact damage with a 
performance comparable to that of conventional sonic thermography. 
Introduction 
The transformation of the Australian Defence Force (ADF) aviation fleet has seen a significant 
investment in next generation aircraft platforms, bringing cutting-edge war fighting capabilities 
to the ADF. Many of these platforms contain significant quantities of composite materials, 
e.g. F-35A, MRH90 and Tiger ARH. The many advantages of composite materials over metals 
for structural applications have to be balanced against some shortcomings, such as increased 
susceptibility to impact damage, especially barely visible impact damage (BVID), as well as 
kissing bond delaminations. These damage modes are particularly insidious, as they are difficult 
to detect with conventional non-destructive inspection (NDI) techniques and can cause 
significant reductions in the static and fatigue strength of components.   

Sonic thermography (ST) is an NDI technique that has proven to be effective on a large 
variety of composite defects and flaws such as BVID, kissing bonds and delaminations [1]-[2]. 
ST relies on the use of an acoustic horn, typically operating in the frequency range 20-40 kHz, to 
transfer acoustic waves to the structure under inspection. These acoustic waves pervade the 
structure and interact with the faying surfaces of damaged zones, causing frictional heating. 
When this heat diffuses to the surface it can be detected using an infrared camera (Fig. 1). The 
technique works well in the laboratory, however transitioning the technology to the field is 
challenging. Traditionally, cooled infrared (IR) cameras are used for such inspections, due to 
their relatively high temperature sensitivity. However, IR cameras of this type are expensive, 
fragile and bulky to use and transport. In addition, the effective transfer of high frequency 
acoustic waves from an acoustic horn is reliant on the entire contact area of the horn tip sitting 
flush against the structure under inspection. For structures that are not completely flat, as is 
common for many aircraft components, insufficient energy may be transferred resulting in 
reduced frictional heating and therefore reduced ability to detect defects and delaminations. 
A technique has been developed, and is described here, that uses only 5% of the acoustic power 
typically applied in traditional ST. This alternative form of ST, referred to here as Low-
Amplitude Synchronous Sonic Thermography (LASST), uses a cross-correlation technique 
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previously implemented in a thermoelastic stress analysis (TSA) approach described in [3]. TSA 
is based on the thermoelastic effect wherein an object under elastic deformation produces small 
reversible changes in temperature. These reversible temperature changes can be detected when 
the object under investigation is mechanically cycled at a known frequency. Knowledge of this 
frequency is used to extract the relatively small linearly-correlated signature from thermal 
imagery obtained from a low-cost microbolometer.  

Analogously, LASST uses an acoustic horn which is cycled on and off at a known frequency, 
with the thermal signature generated by frictional heating at flaw surfaces synchronously 
averaged with respect to the known modulation frequency. Earlier researchers explored the use 
of a similar process, which has been variously described as amplitude modulated lock-in 
vibrothermography [4], ultrasound lock-in thermography [5] and ultrasound burst phase 
thermography [6], however these implementations all used high power ultrasound (from 300 W 
up to 1.6 kW) and a cooled focal plane array infrared camera. In LASST, the power levels 
required from the horn are lower by a factor of 20 compared to standard ST and a lightweight, 
low-cost microbolometer is used.  The present paper describes an experimental comparison of 
LASST against conventional ST and phased array ultrasonic testing (PAUT) on composite 
laminates containing BVID. 
 

 

 

Figure 1. Schematic showing basic operation of ST inspection. 
Experiment 
A series of quasi isotropic IM7/977-3 [45,0,0,-45,90]3S laminate plate coupons measuring 
300 mm x 100 mm x 4 mm were impacted at three energy levels within the BVID regime; at 
5.36 J, 10.72 J and 21.44 J. The size and lateral extent of the damage was determined using 
PAUT. 

In traditional implementations of ST the acoustic horn is typically driven at power levels of 
100’s of watts over durations in the order of 1 s [1]. An interface material of felt is used to 
improve energy transfer from the horn into the specimen, and to prevent possible marring of the 
surface from the horn. As previously remarked, the resulting thermal signature is typically 
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recorded using a cryogenically-cooled photon detector. Such cameras have a relatively high 
sensitivity, with noise equivalent temperature difference (NETD) values typically < 20 mK, but 
also are relatively large, with dimensions of approximately 200 mm x 150 mm x 150 mm and 
weigh many kilograms. Although the sensitivity of these cameras is relatively high, post 
processing techniques are still typically applied to the raw thermographic data to improve the 
probability of detecting a defect; these techniques include pulsed phase thermography (PPT) [7] 
and principal component thermography (PCT) [8]. 
 

 
 

Figure 2. Insonification waveform used in LASST. 
In the present implementation of LASST, pulsed insonification is required as the ultrasonic 

generator is unable to supply a steady output at low power. Sonic insonification pulses were 
generated at a frequency of 6 Hz, with each insonification ramping up from zero to the chosen 
energy level within 0.15 s. The acoustic horn power was modulated using a square wave with a 
base frequency of 0.5 Hz, which gives 1 s of pulsed insonification and 1 s of zero insonification. 
Each complete 2 s pulse is considered one cycle, and we collect 20 cycles, which is defined as 
one block, so each block takes 40 s to complete. The thermal signature is synchronously 
averaged against the base frequency of the square wave. The low magnitude of the base 
frequency is important to enable enough time for the thermal signature to diffuse from the 
substructure to the surface where it can be detected. 

Two infrared imaging systems were used in the present study; (i) a FLIR SC6000 cooled 
photon detector operating in the 2-5 micron wavelength band with an NETD of 20 mK, and (ii) a 
Xenics Gobi 640 amorphous-silicon microbolometer operating in the 8-12 micron wavelength 
band and with an NETD of 50 mK. The comparatively small size of the microbolometer is 
illustrated in Fig. 2. 

Due to the relatively low intensity and short duration power bursts required by the LASST 
approach, a thinner interface layer than is customarily applied in ST was able to be used in this 
work.  A thin layer of cardboard, similar to a business card, was found to be sufficient to enable 
good energy transfer whilst also protecting the surface. 

The cross-correlation process applied to the raw video signal in LASST results in two 
measured signal components: a component in phase with the excitation, which is denoted by the 
symbol X, and a component in quadrature with the excitation, which is denoted by the symbol Y. 
Corresponding amplitude (r) and phase (Θ) components can be calculated from these measured 
components. Unfortunately, because of unknown latencies in the data acquisition system the 
precise phase relationship between the thermal response and the acoustic excitation was not able 
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to be determined. An empirical phase calibration was instead applied by assigning the relative 
phase between the X component and the drive signal at the centre of the impact zone to zero. The 
phase component relates to the time it takes for the heat to diffuse to the surface, which should 
approach zero at the centre of the impact zone because any surface, or near-surface damage will 
produce an approximately instantaneous thermal response to the insonification.  This phase 
calibration process ensures that any unknown or variable latencies in the data acquisition system 
do not produce inconsistencies between different sets of results. Fig. 4 shows the effect of this 
calibration process on X and Y components obtained from a typical inspection of BVID. As 
expected, the amplitude component, r, is unchanged by a shift in phase. 

 

 
 

Figure 3. Xenics Gobi microbolometer (left) and FLIR SC6000 photon detector (right). 
 

 

 
Figure 4. Effect of phase calibration on signal components obtained for 21.44 J impact 

specimen. The yellow spot at the centre of Θ indicates the position where the calibration was 
performed. 

In Fig. 5, the sub-surface damage area at a depth range 0.8-1.2 mm, determined from PAUT, 
has been outlined in red, and deeper damage, in the depth range 1.2-2.4 mm, in yellow.  These 
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have been overlaid on the LASST X and Y components to illustrate the good correlation between 
the X component signature and near surface damage, and between the Y component signature 
and deeper damage.  This is to be expected as the Y component is in quadrature with the horn 
excitation and therefore corresponds to a delayed response such as would occur for a signal 
transported from sub-surface layers by heat diffusion. 

A comparison of signal strength with energy level was also conducted. It was observed that 
30 W was the minimum power level required to elicit a detectible signature in the BVID samples 
considered here. A comparison between the 30 W and 40 W scans is shown in Fig. 6 for a 
21.44 J impact specimen, where the 40 W scan exhibits significantly less noise and better signal 
definition. Based on this result, 40 W was the minimum energy level applied in all subsequent 
inspections examining this particular type of damage. 

 

 

Figure 5. Comparison of (a) PAUT, (b) X component and (c) Y component from LASST for 
21.44 J impact specimen, 40 W, 800 s. Depth range 0.8-1.2 mm is outlined in red and 1.2-2.4 mm 

in yellow. 

 
 

Figure 6 Effect of insonification energy level for 21.44 J impact specimen. Shown are the X, Y 
and r components for 30 W (above) and 40 W (below). 
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The duration of the scans was varied from 80 s to 800 s to determine the minimum length of 
time during which LASST should be performed to optimise the thermal signature, using a 40 W 
insonification power level. A comparison of the results for increasing scan duration is shown for 
X and Y components in Fig. 7. An easily distinguished BVID signature is evident in both X and 
Y components at 80 s, however from 320 s onwards the damage indication becomes more 
refined and specific areas of damage are more easily delineated, which is an expected result of 
the cross-correlation process. For the remainder of the experiments a scan duration of 800 s was 
used to ensure that the most defined thermal response was obtained. 

 

 
 

Figure 7. Comparison of component X (above) and Y (below) for LASST thermographs of 
BVID in 21.44 J impact specimen, over increasing duration of scans at 40 W insonification. 

 
Figure 8. Overlay of damage area obtained from PAUT corresponding to depth ranges of 

0.2-1.2 mm (yellow) and 1.2-2.2 mm (red), onto the X and Y components for each specimen; 
the impact energies are also listed.  

Fig. 8 shows the X and Y components for each impact specimen; as before, the yellow outline 
corresponds to the damage area in the depth range 0.2-1.2 mm and the red outline to the damage 
area in the depth range 1.2-1.8 mm, both obtained from the PAUT scans. As indicated 
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previously, the X component should relate most strongly to near-surface damage and the Y 
component to deeper damage, and to the extent that the Y signature is consistently larger in area 
than the X signature, they do. An exception is the 5.36 J impact case, for which a Y component 
signature could not be detected.  

Fig. 9 shows a comparison between results obtained from a 21.44 J specimen using the photon 
detector and the microbolometer. The former provides a more detailed signature of the damage 
when compared with the microbolometer results, however the main features of the defects are 
discernible in both. The photon detector result also contains evidence of vibration modes, or 
standing waves, established in the specimen by the acoustic excitation, which are not present in 
the microbolometer result, presumably due to the lower sensitivity of that camera. This could be 
viewed as a practical advantage to using a microbolometer, as these vibrational signatures have 
the potential to obscure indications of damage.  

 
 

Figure 9. X, Y and r components measured on 21.44 J impact specimen, using a photon detector 
(top row) and microbolometer (bottom row).  

 

 
Figure 10. Comparison of PAUT, traditional ST (PPT1 and PCT3) processed over 2 s and LASST 

(Y component) from the FPA and microbolometer for 21.44 J impact specimen. 
Finally, a comparison between the results obtained from LASST, conventional ST and PAUT 

are shown in Fig. 10, with the outline being the traced damage area from the PAUT result 
corresponding to damage up to 1.8 mm in depth. The ST results correspond to an insonification 
time of 1 s with the response recorded over a 2 s observation time and then post processed using 
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the PPT and PCT methods described in [7] and [8] respectively. Both show indications matching 
the area of the PAUT indication, as well as signal features which correlate with the different 
depths of damage.  The LASST signatures are similar in area but have sharper signal features, 
some of which correlate with features in the PAUT scan. When combined with the 
corresponding X component results in the first column of Fig. 9, the LASST technique is seen to 
be effective for the detection and sizing of BVID in these panels. It should be noted that the 
LASST results required a pulsed insonification and observation time of 800s in total.  
Conclusions 
The results from this study have indicated that LASST implemented using a low cost 
microbolometer is an effective means of identifying BVID and performs comparably to 
conventional ST implemented using a cooled photon detector. In some cases the extent of 
damage identified using LASST was smaller than that obtained from PAUT, which may be due 
to the relatively low excitation power being insufficient to generate frictional heating across the 
full extent of a defect. While LASST requires a longer observation time than traditional ST, it 
has two significant comparative advantages: it uses significantly less power so it reduces the risk 
of marring the surface of the structure under inspection and it enables use of a low-cost 
microbolometer which makes this technique much more portable, robust and affordable. 
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Abstract. Predictive models are important to help manage high-value assets and to ensure 
optimal and safe operations. Recently, advanced machine learning algorithms have been applied 
to solve practical and complex problems, and are of significant interest due to their ability to 
adaptively ‘learn’ in response to changing environments. This paper reports on the data 
preparation strategies and the development and predictive capability of a Long Short-Term 
Memory recurrent neural network model for anaerobic reactors employed at Melbourne Water’s 
Western Treatment Plant for sewage treatment that includes biogas harvesting. The results show 
rapid training and higher accuracy in predicting biogas production when historical data, which 
include significant outliers, are preprocessed with z-score standardisation in comparison to those 
with max-min normalisation. Furthermore, a trained model with a reduced number of input 
variables via the feature selection technique based on Pearson’s correlation coefficient is found 
to yield good performance given sufficient dataset training. It is shown that the overall best 
performance model comprises the reduced input variables and data processed with z-score 
standardisation. This initial study provides a useful guide for the implementation of machine 
learning techniques to develop smarter structures and management towards Industry 4.0 
concepts.  
Introduction 
Melbourne Water’s self-powered Western Treatment Plant (WTP) at Werribee, Victoria, 
Australia [1], provides essential sewage treatment and under normal operating condition, its 
biological digestion process produces 65,000m3 methane-rich biogas per day. This biogas is 
harvested and used to generate 7MW renewable electrical energy per day which is worth $8 
million (AUD) per year. The anaerobic treatment lagoons are covered by 2-mm thick high-
density polyethylene (HDPE) floating sheets, approximately 450m x 170m, to capture odorous 
and greenhouse gases produced by the bacteria in the sewage under the covers. The untreated 
raw sewage content, such as fats, oil, floating solids and buoyed sludge or other fibrous material, 
may be carried to the surface of the lagoon by small bubbles, potentially forming into a solid 
mass called ‘scum’. The scum in the anaerobic lagoon is a mixture of floating solids, undigested 
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sludge and trapped gases formed during anaerobic digestions. This scum can accumulate under 
the covers, amassing into a large iceberg-like body, which is called ‘scumberg’. The formulation 
of scumbergs has the potential to adversely impact the structural integrity of the HDPE floating 
covers and block the pathway of biogas, thereby affecting the WTP performance. Due to the 
complex nature of the scum accumulation and scumbergs formation, it is very difficult to 
develop analytical or rule-based computing models for forecasting their effects on the 
performance of the anaerobic reactors and the structural integrity of the HDPE floating covers. 
Consequently, the only reliable performance data can only be obtained from the actual 
measurements at the sewage processing plant as the processes cannot reliably be scaled down to 
a laboratory-sized simulation. Therefore, there is a need for ‘smart’ real-time monitoring and 
diagnostic-prognostic capability modelling for the operation and management of this high-value 
asset based on current and/or historical operational data.  

In many practical cases, physical systems for which explicit rules are either unknown or too 
difficult to determine, cannot be accurately modelled using traditional computing methods. In the 
last few decades, machine learning (ML) techniques have been extensively employed in 
engineering applications, which include structural engineering  [2-4], water reservoir operations 
[5, 6], and structural health monitoring [7-9]. Artificial neural networks (ANN) are one of the 
machine learning-based algorithms that mimic the information processing and knowledge 
acquisition in the human brain. ANN is highly desirable due to its ability to model nonlinearity 
and predict accurately even in the presence of noisy and incomplete data of the real-world 
system. Furthermore, it can adaptively update its model in response to changing environments 
over time [10, 11] which makes ANNs an ideal candidate for solving complex engineering 
problems. However, ANNs are unable to provide justifications for their solutions and can be 
unpredictably inaccurate when extrapolating solutions for problems outside the network training 
domain. 

A recurrence neural network (RNN) is a special type of ANN for sequential data modelling 
which store some past information. However, traditional RNNs have the problem of gradient 
vanishing/exploding and lack of long-term memory ability [12]. Long Short-Term Memory 
(LSTM) network was first proposed by Hochreiter and Schmidhube [13] to overcome the 
limitation of RNNs. LSTM network can effectively learn long-term dependencies between time 
steps and is superior to most RNN prediction methods [13]. In short, the difference between the 
traditional RNN and LSTM is the internal operation of the recurrent cell. In a traditional RNN, 
only one internal state exists and it is recomputed in every time step, whereas an LSTM cell has 
an additional self-connected memory cell state in which information can be stored; these 
memory cells are managed by cell gates, allowing learning of long-term dependencies [13]. 
There is significant interest in using LSTM network architecture for time-series forecasting for 
various engineering application including wind-power, solar power and electric load [14-17]. 
This architecture can also be expected to be highly advantageous for producing data-driven and 
adaptive predictive models based on ANN techniques for optimal biogas harvesting while 
ensuring the structural integrity of the floating covers. 

In this paper, an LSTM network architecture, which comprises one sequence input layer 
followed by one LSTM layer, a fully-connected layer (consisting of one neuron) and an output 
layer, is developed and demonstrated to predict the biogas production of WTP anaerobic reactor. 
The investigation includes a parametric study to design the LSTM network topology, which 
includes data pre-processing, optimising the number of hidden units in an LSTM layer and 
training parameters, refer to Figure 1. A historical data sample from WTP is partitioned to train 
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the LSTM network input and recurrent weights and biases and to evaluate the trained models' 
performance. In this study, MATLAB R2020a was used to develop the LSTM network. This 
study reports on the data preparation of the real-life dataset of the anaerobic reactor and 
environment readings and the development of LSTM network architecture for biogas production 
prediction. 

 
Figure 1: Schematic depiction of the procedure for the development and evaluation of LSTM 

models. 
Method  
Data Preparation 
A real-world historical dataset of the 25W anaerobic reactor at WTP consists of 14 variables 
with 365 daily readings from November 2018 to October 2019 as collected by Melbourne Water 
(shown in Table 1), was used to train and develop the LSTM prediction models. The output 
variable is biogas production, whereas the remaining variables are treated as inputs for the 
prediction. Data pre-processing is an important stage for designing ML models, which primarily 
entails transforming raw data into a clean and useable format. Data normalisation/standardisation 
is a standard pre-processing technique that changes the values in a dataset to a common scale 
without misrepresenting the difference in the range of variables. For RNN/LSTM models, this is 
a crucial procedure to ensure stability and improve network training and performance [17]. In 
this study, two common data scaling techniques are applied and investigated: z-score 
standardisation (standardised variables), rescales data to have zero mean and standard deviation 
of 1 and min-max normalisation (normalised variables), linearly transforms data in the range [-1, 
1] [18]. 

Normally, it is advantageous to reduce the number of inputs by removing redundant variables 
to improve the speed learning algorithm and eliminate overfitting to a degree. A feature selection 
technique aims to reduce the number of features (inputs) by using a correlation-based method to 
filter the correlated variables. In this study, Pearson’s correlation coefficient is employed to 
measure the association between the input variables (refer to Figure 2). Based on the correlation 
matrix, 7 inputs variables, viz. average 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 average and minimum 𝐼𝐼𝑠𝑠1, average and minimum 
𝐼𝐼𝑠𝑠2, average temperature 𝑇𝑇𝐴𝐴 and average rainfall 𝑅𝑅 , are selected for the reduced number of input 
variables (relative to the original 14 input variables) for the LSTM network model investigation.  

 
  



Structural Health Monitoring  Materials Research Forum LLC 
Materials Research Proceedings 18 (2021) 61-70  https://doi.org/10.21741/9781644901311-8 

 

 

 64 

Table 1: Historical WTP 25W anaerobic reactor daily data. 
MAIN 

VARIABLES 
UNITS VARIABLES MEAN MAX MIN STANDARD 

DEVIATION 
QUARTILE  

1  (25%) 
QUARTILE  

2  (50%) 
QUARTILE  

3  (75%) 
Main Inlet 
𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ML/d Average 269.1 361.2 151.2 27.9 250.6 266.0 286.3 

  MAXIMUM 356.3 422.0 183.0 23.4 347.0 363.0 367.0 
  Minimum 120.4 344.0 0.0 47.3 95.0 113.0 139.0 

SECONDARY 
INLET 1 

𝑰𝑰𝒔𝒔𝒔𝒔 
ML/D AVERAGE 7.6 123.2 0.0 16.3 0.0 1.1 7.2 

  Maximum 49.4 353.0 0.0 67.6 0.0 22.0 72.0 
  MINIMUM 0.04 15.0 0.0 0.8 0.0 0.0 0.0 

Secondary Inlet 2 
𝐼𝐼𝑠𝑠2 ML/d Average 4.3 208.2 0.0 18.2 0.1 1.0 2.7 

  MAXIMUM 35.8 591.0 0.0 94.9 1.0 2.0 4.0 
  Minimum 0.6 4.0 0.0 1.0 0.0 0.0 1.0 

ATMOSPHERIC 
TEMPERATURE 

𝑻𝑻𝑨𝑨 
°C AVERAGE 17.2 33.6 6.6 5.2 12.6 16.4 20.9 

  Maximum 25.9 46.0 11.0 6.9 21.0 25.0 31.0 
  MINIMUM 11.5 25.0 2.0 4.7 8.0 11.0 15.0 
Rainfall 

𝑅𝑅 mm Average 1.4 81.8 0.0 5.2 0.0 0.0 0.6 
BIOGAS 

PRODUCTION 
𝒈𝒈 

NM3/HR AVERAGE 2868.0 3825.5 35.8 468.8 2548.3 2876.7 3162.7 

 
 

 
Figure 2: Heatmap of Pearson’s correlation matrix on the input variables. 

 
Model Validation 

To ensure generalisation from the training data, it is essential that part of the test data set is 
preserved, unseen by the ML during training. Otherwise, the model is likely to overfit, yielding 
high accuracy on the training data, but failing to generalise from the training dataset, thereby 
resulting in poor predictive performance on new data. To evaluate trained ML models, k-fold 
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cross-validation technique is a common resampling procedure that randomly splits the dataset 
into k groups then trains the model on all groups except one that is reserved for testing the model 
[19]. Chronological ordered cross-validation, where training sets consist of observations that 
occur prior to those that form the testing set, is more suitable for time-series and sequential data 
modelling [20]. This study employed an expanding window (also known as forward-chaining) 
cross-validation with datasets partitioned into 6 nearly evenly distributed train-test sets 
(approximately 60 data points), equating to a 5-split (iteration) procedure, refer to Figure 3. The 
average error values of the 5 splits were used to evaluate the models’ overall performance. 

 
Figure 3: Expanding window 5-split time-series cross-validation.  

 
The performances of LSTM models were compared and assessed based on the statistical error 

measurements; mean square error (MSE), mean absolute error (MAE) [21] and coefficient of 
determination (R2). It should be noted that the error measurements are calculated based on the 
standardised and normalised output variables. The training of the neural network used MSE as 
the loss function and stochastic gradient descent with momentum as the optimisation algorithm, 
which introduces learning variables, the learning rates and momentum parameter [22], to 
overcome problems of slow or non-convergence encountered in traditional gradient descent 
methods.  

In this study, the several LSTM models were developed using standardised data with full and 
reduced input variables denoted as SFIV and SRIV models, respectively, and normalised data 
with full and reduced input variables denoted as NFIV and NRIV models, respectively. The 
study firstly investigated the optimal training parameters and the number of hidden units of a 
single LSTM layer for each model. Furthermore, the performances based on the error 
measurements for each best performing model were compared. 
Results and Discussion 
Firstly, the optimum number of epoch (the number of times that the whole dataset is passed to 
the network) was determined by evaluating the average MSE, MAE and R2 of the 5 splits. In this 
investigation, a 10-hidden-unit LSTM layer was considered with epoch varying from 10 to 2000. 
The initial learning rate was 0.01, and the learning rate schedule was set to piecewise, where the 
learning rate was reduced by a factor of 0.2 after half of the number epochs had passed and the 
gradient threshold/clipping was 1. The optimal epoch for both SFIV and SFIV models are 50, 
and for NFIV and NRIV models are 100 and 200, respectively, refer to Table 2. Below or 
beyond these optimal epoch values will likely lead to underfit or overfit the trained models. It 
should be noted that inspection of learning curves (loss error over epoch/iteration) is necessary to 
monitor the behaviour of the model and ensure convergence. 
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Table 2: Optimisation of the number of epochs for SFIV, SRIV, NFIV and NRIV LSTM models.  

 Standardised Normalised 
Number 

of 
Epochs 

Full Input Variables Reduced Input Variables Full Input Variables Reduced Input Variables 

MAEave MSEave R2 MAEave MSEave R2 MAEave MSEave R2 MAEave MSEave R2 

10 285.00 1.32E+05 0.10 365.31 2.12E+05 0.10 869.52 9.88E+05 0.09 969.90 1.14E+06 0.08 

20 286.40 1.40E+05 0.12 278.83 1.31E+05 0.12 407.43 2.81E+05 0.04 372.13 2.08E+05 0.11 

50 234.69 9.07E+04 0.19 243.28 9.86E+04 0.14 312.79 1.66E+05 0.09 286.55 1.37E+05 0.12 

100 288.34 1.40E+05 0.15 264.63 1.22E+05 0.18 247.24 1.03E+05 0.15 271.95 1.17E+05 0.16 

200 331.70 1.84E+05 0.13 316.57 1.62E+05 0.23 270.04 1.22E+05 0.11 250.78 1.01E+05 0.14 

500 387.92 2.59E+05 0.09 299.14 1.53E+05 0.12 285.78 1.33E+05 0.09 253.47 1.11E+05 0.15 

1000 357.40 2.18E+05 0.10 404.02 2.66E+05 0.09 274.00 1.24E+05 0.18 265.73 1.16E+05 0.08 

2000 413.71 3.11E+05 0.07 451.33 3.35E+05 0.06 343.56 2.09E+05 0.19 337.19 1.89E+05 0.26 

 
 

Table 3: Error measurements for the different number of hidden units in one LSTM layer for 
SFIV, SRIV, NFIV and NRIV models. Underlined and bolded are the best and top three results, 

respectively, according to the error measurements. 
 Standardised Normalised 
Number 

of 
hidden 
units 

Full Input Variables Reduced Input Variables Full Input Variables Reduced Input Variables 

MAEave MSEave R2 MAEave MSEave R2 MAEave MSEave R2 MAEave MSEave R2 

1 252.08 1.06E+05 0.11 289.21 1.37E+05 0.18 266.65 1.19E+05 0.15 262.72 1.10E+05 0.20 

2 236.63 8.47E+04 0.19 301.30 1.46E+05 0.13 251.98 1.04E+05 0.12 249.69 9.84E+04 0.19 

3 272.17 1.23E+05 0.12 249.26 1.05E+05 0.15 252.15 9.94E+04 0.13 262.57 1.18E+05 0.14 

4 253.41 1.03E+05 0.21 239.56 9.10E+04 0.20 242.12 9.39E+04 0.12 257.48 1.09E+05 0.16 

5 264.54 1.16E+05 0.12 269.79 1.22E+05 0.18 255.78 1.06E+05 0.14 262.08 1.15E+05 0.15 

6 268.25 1.19E+05 0.12 211.63 7.12E+04 0.23 240.75 9.17E+04 0.14 248.19 1.01E+05 0.24 

7 240.02 9.66E+04 0.17 277.97 1.35E+05 0.18 276.55 1.29E+05 0.06 246.79 9.68E+04 0.14 

8 243.68 9.36E+04 0.16 256.87 1.12E+05 0.18 245.00 9.93E+04 0.15 246.51 9.82E+04 0.20 

9 269.03 1.19E+05 0.16 244.66 1.01E+05 0.17 267.92 1.17E+05 0.09 239.89 9.12E+04 0.17 

10 234.69 9.07E+04 0.19 243.28 9.86E+04 0.14 247.24 1.03E+05 0.15 250.78 1.01E+05 0.14 

11 220.62 7.86E+04 0.21 254.31 1.07E+05 0.20 246.10 9.74E+04 0.10 254.13 1.09E+05 0.12 

12 232.63 9.27E+04 0.12 215.77 7.70E+04 0.22 267.47 1.12E+05 0.13 248.03 9.97E+04 0.16 

13 247.47 9.80E+04 0.11 239.92 9.44E+04 0.21 266.36 1.10E+05 0.12 262.21 1.13E+05 0.13 

14 226.39 8.46E+04 0.19 273.90 1.20E+05 0.12 241.01 9.70E+04 0.13 249.87 9.68E+04 0.17 

15 237.23 8.83E+04 0.22 245.71 9.58E+04 0.16 253.61 9.76E+04 0.08 269.82 1.17E+05 0.16 

16 227.06 8.11E+04 0.20 268.90 1.19E+05 0.17 238.66 9.28E+04 0.18 254.71 1.03E+05 0.15 

17 249.80 9.94E+04 0.17 219.38 8.10E+04 0.24 251.85 9.88E+04 0.08 249.27 9.79E+04 0.13 

18 260.56 1.13E+05 0.15 246.12 1.00E+05 0.15 306.20 1.43E+05 0.06 262.87 1.07E+05 0.12 

19 251.33 1.02E+05 0.20 255.63 1.06E+05 0.13 243.84 9.28E+04 0.11 249.16 9.96E+04 0.16 

20 281.16 1.26E+05 0.14 235.06 8.63E+04 0.19 258.16 1.11E+05 0.11 258.39 1.03E+05 0.14 

 
Based on the error measurements, the optimal number of hidden units in a one LSTM layer 

for SFIV and SRIV models are 11 and 6, respectively and for NFIV and NRIV models are 6 and 
9, respectively, as indicated in Table 3. The coefficients of determination were compared to 
evaluate the models with different pre-processed data. It is shown that NFIV and NRIV models 
performed relatively poorly compared to data pre-processed with z-score standardisation, refer to 
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Tables 3 and 4, and this is evident in Figures 4 and 5. This is because extreme outliers exist in 
the historical data and are retained during the learning process. In practice, data standardisation is 
more robust in handling outliers/extremities or non-uniformly distributed data than min-max 
normalisation. Furthermore, the models with normalised variables took relatively longer to train. 
 
Table 4: Error measurement of the best performing LSTM models for each split cross-validation.  

Best Performing Model Error kth   Split 
1 2 3 4 5 

Standardised Full Input Variables 
11-hidden-unit LSTM layer 

MAE 245.53 219.31 207.35 221.90 209.04 
MSE 7.58E+04 9.82E+04 6.92E+04 8.46E+04 6.55E+04 

R2 0.25 0.31 0.18 0.00 0.30 

Standardised Reduced Input Variables 
6-hidden-unit LSTM layer 

MAE 227.76 228.51 219.14 188.64 194.11 
MSE 6.79E+04 9.99E+04 7.17E+04 6.11E+04 5.55E+04 

R2 0.30 0.40 0.06 0.04 0.37 

Normalised Full Input Variables 
6-hidden-unit LSTM layer 

MAE 243.54 265.65 241.49 224.25 228.84 
MSE 7.65E+04 1.26E+05 8.67E+04 9.17E+04 7.75E+04 

R2 0.15 0.35 0.04 0.00 0.13 

Normalised Reduced Input Variables 
9-hidden-unit LSTM layer 

MAE 264.45 230.47 227.97 243.22 233.33 
MSE 9.08E+04 1.03E+05 7.89E+04 9.61E+04 8.79E+04 

R2 0.11 0.28 0.22 0.17 0.09 

 
a)       b) 

 
c)       d) 

Figure 4: 5th split predicted biogas production of the best performing LSTM models: a) SFIV, b) 
SRIV, c) NFIV and d) NRIV models. 
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a)       b) 

 
c)       d) 

Figure 5: Predicted and observed plots of the best performing LSTM models on the 5th split; a) 
SFIV, b) SRIV, c) NFIV and d) NRIV models. 

 
The best LSTM model is the SRIV model and it is shown that the other best performing 

models can also generalise and predict with good accuracy after the last split (refer to Table 4). 
The substantial improvement in the models’ performance on the last split suggests most of the 
dependencies and key features can be learnt in the first four data partition sets.  
Conclusion 
This study has reported on the development of an ANN architecture for predicting the 
performance of WTP anaerobic reactor. With the currently available dataset, the findings have 
shown that an LSTM network can be utilised to predict biogas production. It is shown that the 
prediction model with data standardisation yields higher accuracy and outperforms the max-min 
normalisation for the WTP historical dataset, which included significant outliers. The LSTM 
model trained by using standardised data with reduced input variables yields the best average 
performance on all splits. It is shown that the LSTM predicting model with a reduced number of 
input variables via Pearson’s correlation coefficient selection method can achieve good accuracy 
given sufficient dataset training. Ongoing studies on the data preparation and development of 
ML algorithms and their architectures for WTP performance forecasting as well as the 
monitoring of floating cover structural integrity are underway in integrating AI-enable approach 
for future management and operation of this critical asset.  
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Abstract. Floating covers are used on anaerobic lagoons at waste-water treatment plants for 
odour control and the harvesting of biogas. Scum is an unwanted by-product of the anaerobic 
digestion of raw sewage. This matter can form into a large mass of material, and when it floats to 
the surface and solidifies, it is called a scumberg to differentiate it from the scum which may still 
be in a semi-solid state. Given the continual inflow of raw sewage into the lagoon, the potential 
movement of the scum can deform the floating cover. One of the challenges pertaining to the 
structural health assessment of the floating cover hinges upon the difficulty in monitoring the 
development and geometrical profile of scum underneath the cover. The current measurement of 
scum requires the inspector to physically access the scum either from multiple discrete access 
ports within the floating cover or by using highly-skilled divers in the lagoon. In collaboration 
with Melbourne Water, a non-contact UAV-aided photogrammetry technique has been deployed 
to quantify the development of scum underneath the cover. It is shown that the digital elevation 
model obtained from photogrammetry correlates well with direct laser based measurements of 
elevation, and that cluster analysis can be used in conjunction with the digital elevation model to 
estimate the qualitative hardness level of the scum beneath the cover, thereby providing a viable 
alternative to time-consuming walk the cover type inspections. It is also shown that the total 
scum depth as predicted from the digital elevation model correlates well with the measurements 
taken through the access ports. This method could be a more effective alternative to current 
practice. 
Introduction  
Melbourne Water owns and operates a large wastewater treatment facility in Werribee, Victoria, 
Australia (Western Melbourne), which is known as the Western Treatment Plant (WTP) [1]. 
Figure 1a shows part of the treatment process at the WTP. WTP treats more than 300 billion 
litres of Melbourne’s sewage annually (more than half of Melbourne’s wastewater) via a 
combination of lagoon systems and activated sludge plants. At the WTP, the raw and untreated 
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sewage is first directed into anaerobic lagoons to remove the solids. The first treatment lagoon at 
the WTP is covered with numerous sheets of high-density polyethylene (HDPE) geomembranes 
for odour control and biogas harvesting. The floating covers are designed to be flexible enough 
to accommodate the effect of geometric changes in the shape and surface area of cover resulting 
from the varying the level of the water surface. Figure 1b shows a schematic cross-sectional view 
of the covered anaerobic lagoon.  A suitable anaerobic environment is provided for bacterial to 
break down the organic material into sludge, thereby releasing methane-rich biogas, which can 
be harvested and used to generate electricity to run the site and potentially exports surplus 
electricity to the grid. 

The velocity of the sewage decreases as it enters the very large lagoon, and this facilitates the 
preliminary sedimentation of the suspended solids in the raw sewage. Material in the sewage, 
such as oils, grits, fats, greases, fibrous substance and floatable solids can be transported to the 
water surface of the lagoon while still under the cover. Over time, scum can consolidate and 
accumulate at the water surface to form scumbergs, which can impose forces on the cover which 
have the potential to result in undesirable displacement. The continual inflow of raw sewage and 
the resultant movement of the scumbergs can further deform and stress the floating cover to an 
extent that may approach the intended limits of the covers’s design. Therefore, the need to 
monitor the development and geometrical profile of “scum” underneath the cover of an 
anaerobic lagoon will provide the crucial information for assessing the structural health of the 
floating cover.   

 
Figure 1. (a) Satellite view of part of the wastewater treatment process at Western Treatment 

Plant (WTP) and (b) schematic of the situation under the cover of an anaerobic lagoon  
Currently, inspectors “walk the covers” to qualitatively identify the extend and define the 

hardness of the scum by “feeling” the different response of the cover when stepping on. It is 
difficult to objectively determine the edge of the scums in its various stages of formation with 
this method. A detailed walk-the-cover inspection typically occurs over a few days. Staff at WTP 
are tasked to perform the measurements of the scum depth and cover elevation profile twice 
every year via laser survey, cover walks, direct access to the scum through the access ports on 
the cover or by sending divers into the lagoon.  

Melbourne Water is currently considering the deployment of regular UAV flights/surveys 
over the covers at the WTP. UAV- aided photogrammetry is a safe and time-efficient assessment 
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technique [2, 3], which can be remotely operated to conduct scanning without coming into 
contact with the asset and thereby also reducing the need for intrinsically safe inspection 
equipment. The work presented builds on the previous work as described in [4, 5]. This paper 
compares the UAV-aided photogrammetry output – digital elevation model (DEM) of the cover 
with existing walk-the-cover inspection data and physical scum depth measurement taken 
through the cover’s access ports. The accuracy of the DEM model is also verified using manual 
measurements recorded by an independent contractor. This work also forms a crucial part of 
developing the non-contact UAV-based photogrammetry technique to assist with the 
maintenance and operation of the floating covers especially in mapping the geometrical 
information of the scum.  
UAV photogrammetry set up 
One of the anaerobic lagoon at the WTP is used for this case study, see Figure 2. Only the first 
part of the lagoon is covered, and the dimension of the cover is measures 450 m × 170 m. Six 
ground control points (GCPs, and refer to Figure 2) were marked on the concrete area around the 
anaerobic lagoon and their accurate GPS location determined for calibration purposes. A Hex 
Rotor UAV - DJI M600 Pro with Zenmuse X5 (15 mm lens) [6], was utilised to conduct the 
scanning over the floating cover of this lagoon with a single flight path mode set in 
Pix4DCaputre [7]. The configuration is set to have 80% images overlapping at both forward and 
side direction. The scan was conducted at a height of 50 m above the floating cover and the scan 
took approximately 30 minutes.  

 
Figure 2. Orthophoto of the covered anaerobic lagoon at the WTP 

Metashape Professional by Agisoft [8] was then used for post-processing of the images taken 
from the scan (photogrammetry). Agisoft Metashape adopts computer vision algorithms as 
described in [9, 10, 11] which allows the user to set the quality of aligning images, building 
dense clouds, mesh and capable of generating the DEM. All the metadata (e.g. GPS location and 
camera setting) of the images were first imported to Agisoft Metashape Professional for 
alignment purposes. All settings (including image alignment and dense cloud configuration) 
were set to its “High” when post-processing the images acquired from the scan. The GPS 
(Easting and Northing) of all the GCPs were also loaded to generate a scaled DEM. A total of 
893 aerial images were taken and Agisoft Metashape were used to constructed the DEM model 
with a spatial resolution of 1.14 cm per pixel. 
The accuracy of the DEM is first established with an elevation survey conducted by a Melbourne 
Water independent contractor. The elevation above water level of 39 points on the cover were 
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measured using IMEX i77R rotating red beam laser with each of the corresponding measurement 
point presented in Figure 3. The elevation above water surface level obtained from the 
constructed DEM was then compared with the measurement obtained from the laser survey and 
plotted in Figure 4. The accuracy of the DEM is evident with a R2 of 0.9729. The validation of 
this DEM highlights the reliability and the confidence of using the constructed DEM to assess 
the floating cover.  

 
Figure 3. Location of the laser survey readings on the cover of the anaerobic lagoon at WTP 

 
Figure 4. Correlation between both elevation measurement methods (above water level) - level 

survey and UAV-aided photogrammetry 
Correlation between cover walk inspection and DEM 
Figure 5a shows the DEM of the scanned cover at the lagoon and represent the height of the 
cover above water surface level of the lagoon. The constructed DEM shows that the covers at the 
regions in the vicinity of the sewage inlet are highly elevated especially along the middle section. 
These highly elevated regions could potentially be due to the accumulation of hard scums at the 
water surface level. In addition, multiple pockets of biogas (left-hand side of the DEM) can also 
be observed. Figure 5b shows a grid indicating the qualitative state of “hardness” of the scum (H 
– hard, MH – medium hard, M – medium, F – fluffy, or soft, scum and W – watery), as 
determined by the Monash Team one month after the UAV scan. 
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Figure 5. (a) Digital elevation model (DEM) of the cover, (b) qualitative scum hardness survey 

(H-Hard, MH-Medium Hard, M-Medium, F-Fluffy and W-Watery) via cover walk inspection and 
(c) k-means based image segmentation on DEM with 7 clusters 

Clustering analysis is one of the common unsupervised machine learning (ML) techniques, 
which is used to find hidden patterns or grouping from datasets without labelled responses. 
Image segmentation applies k-mean clustering to partition the data into ‘k’ distinct clusters based 
on distance to the centroid of a cluster. The built-in MATLAB function, imsegkmeans [12] is 
utilised to segment the DEM into different clusters. A 7 k-means clustering is applied with the 
aim to cluster the 5 different levels of scum hardness based on elevation of the cover as well as 
identifying the biogas pocket and flotations (below the cover to provide biogas channel for 
harvesting as shown in Figure 1b). The result of the clustering is presented in Figure 5c.  By 
using the elevation of cover above water level, the cluster coloured in red correlates well with the 
‘H’ region as indicated in Figure 5b. In addition, the cluster for both ‘MH’ and ‘M’ region can 
also easily be identified, as well as the biogas pockets. Due to only considering the elevation 
data, the clustering method is having difficulties in identifying the border between the region ‘F’ 
and ‘W’. The reason can be due to a subtle difference between the elevation at both ‘F’ and ‘W’ 
regions. Theoretically, this may potentially be improved by applying the quasi-active thermal 
imaging technique reported in [13] to identify the ‘F’ region and the ‘W’ region. This idea has 
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been proposed by Melbourne Water and a large-scale experiment is currently under preparation 
for imminent implementation. Nevertheless, the DEM image segmentation method is adequate to 
outline the area of the ‘M’, ‘MH’ and ‘H’ regions beneath the cover, which can already 
significantly reduce the current practice of walk-around inspection. 
Correlation between physical scum depth measurement and DEM 
The total depth of the scum is measured at the access ports in the cover. The process requires the 
personnel to walk on the cover to access to the port holes. A long and stiff rod is slowly inserted 
into the access ports. Once the personnel “feel” a difference in pressure from below (going from 
hard or semi-hard scum to liquid sewage), the depth is then recorded as the “scum depth” with a 
tolerance of 0.1m.  

This section explores the relationship between the digital elevation model of the cover above 
water surface level and the physical measurements of the total depth, or thickness, of the scum in 
the lagoon. Physical measurements were taken at the 30 access ports of the cover approximately 
one month after the UAV photogrammetry flight. The elevation above water surface level at 
these port holes can also be obtained from the constructed DEM. The correlation of the DEM at 
each access port is plotted in Figure 6 with the total scum depth at its corresponding access port.  
A best-fit line is plotted in Figure 6 with a R2 of 0.7757. For the scum depth prediction, it is 
assumed that the elevation of cover above water level bears a linear relationship with the scum 
depth. The elevation due to the biogas pocket and flotation are first suppressed. A factor of 3.55 
is multiplied with the elevation above water surface level across the entire processed DEM to 
obtain a “predicted” scum depth profile across the entire cover. The contour plot of the predicted 
scum depth is presented in Figure 7a. A cross-sectional view of the predicted scum depth across 
the covered lagoon is then compared with the averaged scum depth obtained from physical 
measurement, see Figure 7b. Figure 7b shows good agreement between the predicted scum depth 
against the actual scum depth (averaged). However, Figure 7a also shows that it is hard to fully 
remove or suppress the elevation due to flotations (floating structure to provide path for biogas 
collection underneath the cover, see Figure 5a) especially around where the hard scum 
accumulated. Nevertheless, the capability of using DEM to predict the scum depth is 
demonstrated and the prediction model can potentially be improved by study the entire historical 
scum depth data.  
Conclusion 
This paper shows the viability of using an efficient UAV photogrammetry inspection 
methodology to monitor the geometrical information of scum growth beneath the floating cover 
at the covered anaerobic lagoon the Western Treatment Plant (WTP). These details are important 
and when collated periodically (e.g. monthly), will give the operators at the Western Treatment 
Plant insight into the operation of the lagoon and for the structural health assessment of the 
floating cover. This paper has also explored the correlation of the digital elevation model (DEM) 
obtained from UAV photogrammetry with (1) scum hardness and (2) scum depth. The following 
dot points summarise the findings of the work presented. 

• UAV photogrammetry techniques were used to construct the digital elevation model 
(DEM) of the scanned cover. K-mean image segmentation was applied on the constructed 
DEM to estimate the hardness of substrate. The substrate hardness clustering correlates 
well especially the Hard, Medium Hard and Medium regions with the current practice of 
walk-around inspection. 
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• The constructed DEM is noted to correlates well with the laser survey (ground truth) 
measurement with R2 of 0.9729. 

• A linear assumption is made between the scum depth and cover’s elevation above water 
level. At current stage, some features (flotations, ballasts and water puddles) on the cover 
are suppressed to reduce the error for the prediction. The predicted scum depth has a 
good correlation with the ground truth (physical scum depth measurement. The linear 
assumptions will need to be further examined in the future with historical data.  

• UAV photogrammetry techniques are considered to be a cost-effective alternative to 
current scum inspection and measurement practices at WTP. 

 
Figure 6. Correlation between the total scum depth and elevation above water surface level 

obtained from DEM 

 
Figure 7 (a) Contour plot for the predicted scum depth obtained from filtered DEM and (b) 

cross-sectional view of scum depth along the highlighted line in Figure 7(a) 
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Abstract. High density polyethylene (HDPE) geomembranes (approximately 8 hectares each) 
are employed as floating covers at the wastewater treatment plant of Melbourne Water in 
Werribee, Australia. The anaerobic lagoons at the plant rely on these HDPE geomembrane 
floating covers to capture both the biogas and odours. Given the nature of the plant and the harsh 
environmental conditions, a non-contact inspection method that can cover a vast expanse is the 
preferred approach for the structural health monitoring and assessment of the cover. This paper 
presents an exploratory investigation on the use of a quasi-active thermography technique to 
detect the presence of artificially induced part-through defects on a HDPE geomembrane 
specimen. The proposed method utilises a naturally occurring heat source (solar radiation) as the 
thermal stimulus. An infrared thermal camera and a pyranometer were used to record the thermal 
responses of the HDPE material as a result of solar intensity variation. The viability of using 
periodic cloud cover transients to drive this inspection technique is reported. In addition, an 
image processing algorithm is formulated based on the relative summation of the transient events 
to enhance the identification of the defects. The findings show that the observed thermal 
transients can be used to define the presence of defects both when the underside of the material is 
in contact with water or with air, and thereby provides a promising approach for the structural 
health monitoring of these high-value assets. 
Introduction 
Geomembranes have been widely used in both environmental and mining applications, 
particularly for landfill liners, as well as floating covers in anaerobic and aerobic reactors in 
wastewater treatment plants. Raw sewage enters the large covered lagoons at the start of the 
wastewater treatment process, and biogas is a by-product of the anaerobic digestion process that 
is the first step in breaking down the untreated sewage. The HDPE membrane covers which float 
on the sewage in these lagoons play a significant role, (1) in harnessing the biogas for the 
generation of electricity that powers the entire plant and (2) preventing the odourous and 
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greenhouse gases from being released to the atmosphere. There are several large floating covers 
located at Melbourne Water’s Western Treatment Plant (WTP) at Werribee, Melbourne, 
Australia. These floating covers are made out of 2 mm thick high-density polyethylene (HDPE) 
material and cover an area of 470 m × 170 m (refer to Figure 1). Approximately 65,000 m3 of 
biogas per day is harvested from these covers, which is used to generate 7 MW of renewable 
energy per day [1].  
 

 
 

Figure 1. Aerial view of floating cover in western plant treatment 
Since the raw sewage is untreated when entering the lagoon system, fats, oils, solids or other 

fibrous materials may eventually be transported to the surface of the lagoon under the cover[2]. 
This material, known as scum, can expand in spread and depth and become harder over time, 
potentially developing into a large solid mass that is referred to as a “scumberg” as parts of it 
may rise above the water surface level even when under the cover. The existence of scumbergs 
results in the local deformation of the cover, and furthermore, hardened scum may scratch the 
underside of the geomembrane if it moves and generate part-through defects. These floating 
covers are valuable assets for the utilities and hence developing an effective structural health 
monitoring method to evaluate the integrity of these large floating covers is necessary for safe, 
effective, and efficient operation of the plant. The current evaluation method requires an 
inspector to walk on these covers and conduct a time-consuming visual inspection. Therefore, a 
non-contact structural health monitoring (SHM) technology can potentially improve the 
efficiency and safety of the inspection of these large-scale covers. 

This paper introduces a quasi-active thermography technique to detect the presence of part-
through defects on the HDPE cover material. The results reported were obtained from a series of 
experiments conducted on a rooftop that is fully exposed to the prevailing weather conditions. 
The proposed technique utilises variations in the ambient solar radiation to detect and identify 
these defects. This approach provides a new quasi-active thermal imaging method to evaluate the 
structural integrity of large-scale floating structures, as the basis for SHM. 
Quasi-active thermography  
Thermography, or the use of thermograms, is based on the infrared energy emitted by an object 
and detected with a thermal camera. Thermographic methods can be classified as either active or 
passive. Active methods require a thermal stimulus from a power source external to the object. 
The most commonly used source is an optical lamp which thermally stimulates the surface with 
either a relatively short heat pulse or a periodic fluctuation of heat. Defects are identified by 
temperature contrasts arising from differential rates of heating and cooling relative to undamaged 
regions of the object, which are caused by differences in thermal conductivity or thermal mass. 
These temperature contrasts can be detected as a variation in infrared (IR) emission from the 
surface [3].  
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Omar [3] applied active thermography to evaluate the bond strength and adhesion integrity of 
a HDPE plastic joint, demonstrating that defects within HDPE can be monitored. Flores-Bolarin 
[4] applied active thermography to determine the depth of defects in HDPE subjects .  

In passive thermography, monitored objects have naturally occurring thermal contrasts which 
are established via ambient or operational stimuli – e.g. boiler operation [5], and therefore do not 
require a separate heat source. Both methods have been used to monitor a wide range of 
structures [6-8], and polymer materials [9, 10].  

The size of the floating cover poses several challenges to the application of active 
thermography. One of them is the requirement to heat the entire structure simultaneously and 
uniformly. In addition, the use of electronic devices in proximity to the covers is restricted 
because of the potentially flammable environment associated with the methane-rich biogas 
produced under the covers. The application of conventional active thermography on structures as 
large as the floating covers at WTP would require a large amount of thermal energy and time to 
ensure the uniform flow of the heat flux into the structure and is therefore considered 
impracticable for use in the real-world of the WTP. 
    In this paper, a quasi-active thermography method is deployed[11] where natural sunlight is 
proposed as the heat source for conducting an inspection of these large structures. The radiation 
from sunlight is considered to be relatively uniformly deposited over the expanse of the covers at 
WTP. The shading from clouds will temporarily block the solar radiation and will generate a 
thermal transient on the surface of the geomembrane material. This paper investigates whether 
variations in cloud-cover can provide transients in timescales that enable the detection of  defects 
in the cover material. The aim of this study is to experimentally investigate the application of 
quasi-active thermography under laboratory conditions on an exposed rooftop.  
    In this study, a sample of the HDPE geomembrane material in use at WTP, with artificially 
induced defects, was supported in a test rig on an exposed roof top. The test membrane had a 
series of part-through thickness reductions simulating defects. Given that the floating cover can 
be in direct contact with the raw sewage, and can be separated from the raw sewage by the 
presence of the biogas, the test membrane was supported on the test rig with parts of the 
underside of the cover material in contact with water, and the remaining parts in contact with an 
air gap between the surface of the water and the membrane (to simulate the trapped biogas).  
Identification of transient event due to cloud movement  
The IR emissivity spectrum of HDPE geomembrane was measured using Fourier-Transform 
Infrared (FTIR) spectroscopy, which indicated that the HDPE geomembrane is suitable for 
infrared thermography. The HDPE geomembrane specimen (1 m × 1 m x 2 mm thickness) was 
clamped onto the aluminium test rig, as shown in Figure 2(a). An Apogee SP-110 pyranometer 
[12] was installed on the specimen to monitor the irradiation of the specimen surface. An A615 
FLIR infrared thermal camera [13] which contains an uncooled Vanadium Oxide detector array 
of size 640 × 480, was placed beside the geomembrane to record the temperature of the surface 
of the geomembrane. This equipment setup allows continuous monitoring of the power of solar 
radiation, through which the transient events due to cloud interference (i.e. shading) can be 
identified and then correlated with the information obtained from infrared imaging over an 
extended period of time. The infrared imaging during these transient events is studied in detail.  
A preliminary test was first conducted by placing the experimental set up outdoors for 1 hour 
(see Figure 2(b)) in order to identify the transient event and optimise the resolution and time 
recording parameters. Both solar intensity and thermal imagery was recorded at a sampling rate 
of 3 Hz over the test period. Figure 3 shows the solar intensity history measured by the 
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pyranometer, as well as the temperature variation measured at a point from the thermal imagery, 
over an observation window of 1 hour. The experiment was conducted on a cloudy day. The 
pyranometer data showed that the sun was unobstructed by clouds on three occasions during the 
test period (see Figure 3). During each cloud transition event, associated temperature transients 
in the membrane are evident. The first event which happened between 12:12:30 and 12:23:20 of 
the experiment is labelled in Figure 3. The transient event started at 12:12:30 when the 
pyranometer recorded a change in solar intensity. The temperature transient in the membrane is 
evident after a few seconds into the cloud-cover event, i.e. the geomembrane temperature 
increased. According to the pyranometer data, the sun reappeared from the cloud at 12:23:20. A 
corresponding thermal transient end point was recorded after several seconds into this event 
(geomembrane temperature increased). Figure 3 suggests that a cloud-cover event can result in a 
temperature change in the membrane of up to 5° C.  
  

 
(a) 

 
(b) 

Figure 2. (a) HDPE geomembrane specimen (b) Experiment set up of quasi-active thermal 
imaging 

 
Figure 3. Temperature profile on HDPE membrane and solar intensity measured in-site 

Processing of thermal image  
In the above validation investigation, it was shown that the thermal transients of the HDPE 
geomembrane can be generated by exposure to cloud-cover events. The quality of the raw 
thermal images in thermography is inevitably degraded due to the background temperature 
variations at different times in a day, making it difficult to set an appropriate threshold of 
temperature variation that would indicate the presence of a defect, and the defects are difficult to 
identify in a single captured thermal image. Therefore, the proposed technique compares the 
relative temperature changes for a series of thermal images that are recorded at different times 
during the day. A defect detection algorithm is developed to relate the measured thermal signal 
(i.e. from the camera) with the radiation signal (i.e. from the pyranometer), and to enhance the 
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ability to detect the part-through defects on the floating cover. The hypothesis for the algorithm 
is as follows: clouds will at first provide shade thus reducing solar irradiation of the cover 
material, thereby initiating a transient event; hence, this will lead to a change in temperature on 
the surface of the geomembrane. So, to enhance the quality of the thermal image, the following 
temperature change index ∆𝑇𝑇 is formulated, 

 
∆𝑇𝑇 = ∑ ∑ 𝑇𝑇𝑗𝑗(𝑖𝑖)(𝑥𝑥,𝑦𝑦) − 𝑇𝑇𝑗𝑗(1)(𝑥𝑥,𝑦𝑦) 𝑛𝑛𝑗𝑗

𝑖𝑖=1
𝑚𝑚
𝑗𝑗=1    (Eqn. 1) 

 
The index i represents the number of the currently recorded frame in each event, the index j is 

the number of cloud shading events in the experiment, m is the total number of transient events, 
and nj is the total number of frames in the jth transient event.  𝑇𝑇𝑗𝑗(𝑖𝑖)(𝑥𝑥,𝑦𝑦) is the temperature in 
frame i in event j at pixel (x, y) and 𝑇𝑇𝑗𝑗(1)(𝑥𝑥, 𝑦𝑦) is the temperature in the initial frame in event j at 
pixel (x, y). It is anticipated and assumed that multiple cloud shading events will occur over the 
duration of an experiment. This index calculates the sum of temperature changes at every pixel in 
the infrared image by comparing with the first frame in the corresponding event as defined by the 
trigger. A threshold signal value in the pyranometer data is used as a trigger to acquire the 
transients. Transient events are manually selected based on the local maximum solar intensity 
and local minimum solar intensity. The cooling transient event is set when a cloud shading is 
detected (corresponding to a decrease in solar intensity).  
Detection of part-through defects when touching water  
At the wastewater treatment plant, it is known that the geomembrane can both be in contact with 
the liquid sewage underneath and raised from the sewage by pockets of biogas that lift up the 
cover in other regions. Assuming that defects can be present in regions that are both in contact 
with liquid sewage or with biogas, this experimental investigation focuses on identifying defects 
when the underside of the HDPE sample is both on air and on water.  

 
Figure 4. Experiment set up of detecting part-through defects on air and on water 

 
As shown in Figure 4, a part of the membrane specimen floats on the water to simulate the 

liquid sewage region at the treatment plant and the remaining portion has an air gap to simulate 
the pockets of biogas beneath the floating cover. As shown in Figure 5, a series of part-through 
defects were created on the underside surface of a 0.5 m × 1 m × 2 mm membrane using laser 
cutting equipment. The dimensions of these defects are shown in Table 1.  Defects number 1, 2, 
5 and 6  were located in the air region, and defects number 3, 4, 7 and 8 were located in the water 
region. The experiment was taken outside for 1 hour and exposed to multiple cloud shading 
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events. Figure 6 shows solar intensity in these regions decreases abruptly and results in thermal 
transients in the membrane material. As shown in Figure 7 (a), the regions of air and water 
contact are readily distinguished in the raw thermal image. The higher thermal resistance of air 
compared with water resulted in a local temperature increase relative to the part of the membrane 
resting on the water surface. The right section of the test specimen is located over the water 
region. The heat absorbed in the membrane in this region is transferred efficiently into the water 
which has a higher specific heat than air, resulting in a lower temperature relative to the left 
section. Using the raw thermal image only defect number 1 and 2 which have the largest depth 
and width can be identified, whereas the defects in the water region could not be readily 
detected.   

The temperature variations in thermal imagery corresponding to the transient events were 
processed using Eqn 1. The results obtained are shown in Figure 7 (b). It can be seen that all the 
defects can now be clearly identified, and the profiles of defects in the air region are clearer. 
Defects in the water region can be detected, but due to heat being more easily absorbed by water, 
the profiles are not as clear as those in the air region. In addition, the profiles of defects 5-8 
which have 0.5 mm defect depth are not as clear as the profile of defects 1-4 which have 1 mm 
defect thickness.  

 
Figure 5. HDPE geo-membrane with different dimensions of under surface scratch damage 

Table 1 Details of artificially created damages in each region on the membrane 

Defects number Defect length 
(cm) 

Defect width 
(cm) 

Defect thickness 
(mm) 

1 10 1 1 
2 5 1 1 
3 10 0.5 1 
4 5 0.5 1 
5 10 1 0.5 
6 5 1 0.5 
7 10 0.5 0.5 
8 5 0.5 0.5 

 
These results demonstrate that thermography based on naturally occurring transient events can 

be effectively exploited to capture part-through defects of HDPE materials in contact with air or 
water. It is also noted that defects on a membrane with an underside in contact with  water are 
harder to detect than those on regions with an underside in contact with air. The results in Figure 
7 (b) show that detectability is greatly enhanced by calculating the index presented in Eqn. 1 for 
defects in contact with air (simulating biogas) or water (simulating liquid sewage).  
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Figure 6. History of temperature evolution and solar intensity with 6 highlighted transient events  

 
Figure 7. (a) Raw infrared thermal image (b) processed thermal image with Eqn (1 

Conclusions 
This paper reports a quasi-active thermography technique to evaluate the structural health 
condition of large-scale floating covers in sewage treatment plants. The technique relies on 
transient temperature decay events caused by variations in solar radiation on the surface of 
HDPE geomembranes due to variations in cloud cover. Thermal imaging is then possible for 
defects that induce variations in thermal conductivity or thermal mass of the membrane. An 
algorithm was devised to aid defect detection using sunlight with transient cloud shading events. 
From the above experiments, the results and findings indicate that: 

• Quasi-active thermography with the aid of naturally occurring solar radiation fluctuations 
is able to detect part-through defects on the cover. Transient events from cloud cover 
were suitable for thermal imaging of defects on HDPE geomembranes.  

• Thermography can distinguish between membrane regions that are in contact with air 
relative to water, and part-through defects of different depths in these two regions can be 
imaged. Defects in air contact regions are easier to detect.  

 
In future work, the quantitative relation between defect thickness and temperature evolution in 

the material will be investigated, and in-situ verifications carried out. The technologies 
developed have the potential to provide an economical, real-time and robust method to maintain 
the structural integrity of large-scale membrane-like structures and extend the service life span of 
geomembranes in treatment plants, thereby providing a promising approach for SHM of these 
high-value assets. 

 
(a) 

 
(b) 
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Abstract. Reliable and quantitative assessments for the stability of the osseointegrated 
prostheses are desirable and advantageous in ensuring the success of the installation and long-
term performance. However, the common evaluation techniques are qualitative, where their 
accuracy of which relies on the surgeon’s experience. This computational study investigates the 
potential of using vibrational response to evaluate the stability of the osseointegrated implant 
using finite element simulation. This paper mainly focuses on the resonance frequency shift and 
mode shape changes associated with the degree of osseointegration which is simulated by 
varying bone-implant interface Young’s modulus. The resonance frequency of the specific 
torsional modes increases 211% and 155% for low-frequency (0 to 1800Hz) and high-frequency 
(1800 to 5000Hz) ranges respectively, as the simulated osseointegration process. Moreover, the 
torsional mode change from the implant to the femur-implant system is clearly evidenced. The 
findings highlight the potential application of vibration analysis on the assessment of implant 
stability. 
Introduction 
Osseointegrated implant, of which intramedullary part inserting into the skeletal system directly, 
provides joint mobility and control of the prosthesis with the sensory feedback from the ground 
[1-3]. This surgical treatment is developed based on a biological phenomenon, which is known 
as “osseointegration”.  Osseointegration is a highly complex and dynamic process, which 
constructs a direct mechanical connection between bone and biocompatible material gradually 
[4-6]. This functional structure allows the load transmission through the bone-implant interface. 
The common material of the osseointegrated implant is a titanium alloy due to its great 
biocompatibility and high resistance to the repeated load and corrosion [3, 4, 7]. Even though the 
osseointegrated implant has been described as the preferred surgical treatment for the amputee, 
the success of the osseointegrated requires relative strict prerequisites such as sufficient primary 
(mechanical) stability to promote bone regeneration and remodeling [1, 8, 9]. Otherwise, the 
formation of fibrous tissue at the bone-implant interface will hinder the initial osseointegration 
[3, 10, 11]. After the accomplishment of primary stability, the osseointegration starts with bone 
tissue formation at the bone-implant interface. This mechanical structure requires adequate time 
for rehabilitation to be capable of the full weight of patient [2, 3, 12]. The integrity of this 
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structure is also known as secondary stability and therefore, the secondary stability is highly 
related to the state of osseointegration. 

The conventional methods used to assess the implant stability such as clinical X-ray, pull-out 
test and magnetic resonance imaging (MRI) are invasive and subjective where their accuracy is 
highly dependent on the surgeon’s experience [1, 13-16]. Recently, there is a significant research 
interest in using non-invasive approaches to monitor implant stability. Vibration analysis is a 
non-destructive structural health monitoring technique, which was firstly used in evaluating bone 
fracture healing [17-19] and monitoring the total hip arthroplasty loosening [20-23]. The 
methodology of using the dynamic response of the bone-implant system to assess the stiffness at 
the bone-implant interface is widely recognized [1, 21, 24]. Recent researches have also shown 
that the stiffness change at the bone-implant interface was related to the state of osseointegration 
[20, 24, 25].  Shao. et. al.[1] conducted an experiment on an amputee during his rehabilitation 
process and their results illustrated a gradually increase in the resonance frequency until the 
implant is capable of full weight load bearing. Moreover, a previous experimental study on rabbit 
tibias, implants were installed into different size predrilled cavities to simulate secure-fit and 
loose-fit connection [26]. Their result demonstrated that the bone-implant system with the loose-
fit connection had lower initial resonance frequency compared to those with the secure-fit 
condition. In addition, the study conducted by Carins et. al.[14, 27] exhibited higher resonance 
frequencies and that the associated mode shapes are more sensitive to the stiffness change at the 
bone-implant interface. Similar findings were also reported in [21, 22, 25, 28, 29]. 

The objective of this paper is to investigate the vibrational response on monitoring the degree 
of osseointegration at the bone-implant interface via finite element simulation. This vibrational-
based approach is based on the detection of the shift in resonance frequency and mode shape 
change to assess the level of osseointegration.  
Methodology 
In the computational analysis, the bone model used in this project was based on an artificial 
femur model scanned by a structured light 3D scanner. The femur model consists of two parts: 
the cortical shell and spongy bone (see Fig. 1a). The material of femur-implant model was 
assumed to be homogeneous and isotropic [30, 31]. The material properties of the femur and 
implant system [32-34] are described in Table 1. The novel osseointegrated endoprosthesis 
implant model was developed based on the design concept proposed by Russ et al.[35]. As 
shown in Figure 1b, the novel implant model consists of two parts: Extramedullary (EM) strut 
and Intramedullary (IM) stem. The implant model was generated by using the Shell function in 
the SolidWorks. The contour of the EM strut and IM stem have certain tolerance with the outer 
surface of the cortical shell and medullary cavity for the application of femur-implant interface 
layer.  

 
Table 1: Material properties of the femur and implant system.  

Material Young’s modulus[MPa] Poisson’s Ratio  
Cortical shell 17600 0.3 
Spongy bone 13000 0.36 

Titanium alloy 113800 0.342 
 

A thin layer, which used to simulate the osseointegration, was applied to the femur-implant 
interface, as illustrated in Fig 2. The layer thickness at EM strut and IM stem surfaces were set to 
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0.985mm and 0.5mm, respectively. The surfaces of the femur-implant interface layer were 
bonded with both implant and femur model. 

  
Fig. 1: (a) Cross-section of the computational femur model and (b) Implant. 

  
Fig. 2: Cross-section of the femur-implant interface. 

 
ANSYS 19.0 Modal analysis was performed to determine the dynamic response of the femur-

implant model.  The femur model was fixed at the proximal end to simulate constraints from 
muscle and pelvis, as illustrated in Fig. 1a. The type of element was set to “Quadratic 
Tetrahedrons” to avoid stress singularity at sharp corners. The global mesh size was set to 5mm, 
which was optimized by a mesh convergence test with 5% convergence error for the maximum 
von Misses stress on the femur. In addition, the mesh around the interface was further refined 
with a localized body sizing of 1.5mm. The modal analysis mainly focused on the frequency 
range of 0 to 5000Hz as mentioned in [14, 27]. 

This computational analysis aims to investigate the resonance frequency shift and mode shape 
change under various conditions of primary and secondary stability. Hence, as illustrated in 
Table 2, Young’s modulus (E) of femur-implant interface layer was varied from 0.001% to 100% 
that of the cortical shell (Ec) were investigated to simulate the process from  0% osseointegration 
to fully osseointegrated implant as mentioned in [36]. The method of employing the variation in 
E, is similar to the application of adhesive at the femur-implant interface to simulate the process 
of osseointegration in several experiments mentioned in [17, 37-39]. 
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Table 2: Young’s modulus of the layer (E) relative to that of cortical shell. 

Percentage[%Ec] 0.001 0.0025 0.005 0.0075 0.01 0.05 0.1 0.5 1 10 100 
E [MPa] 0.176 0.44 0.88 1.32 1.76 8.8 17.6 88 176 1760 17600 

 
Result 
The deformation in y-axis direction along z-axis was shown in Fig. 3. This deformation shows 
the presence of the torsional mode. The results demonstrated in Fig 3a and 3c, where the implant 
is not osseoinegrated with the femur, shows only the implant responding (TI). When the implant 
is fully osseointegrated, the torsion response of the entire femur-implant system (denoted as TS) 
is recorded (see Fig 3b and 3d). 

 

 
Fig. 3: Low-frequency torsional mode of: (a) implant (TI) with 0.001%Ec; (b) femur-implant 
system (TS) with 100%Ec and high-frequency: (c) TI with 0.0025%Ec; (d) TS with 100%Ec. 

 
Figure 4 demonstrated the variation of the resonance frequency with the simulated 

osseointegration (SO) process in both low-frequency (0 to 1800Hz) and high-frequency (1800 to 
5000Hz) ranges. The percentage on the plot indicated that the resonance frequency gradually 
increased relative to the first torsional frequency, along the SO process. 

In the early stage of SO process, the change of resonance frequency could be easily identified 
in both frequency ranges. The resonance frequency of the specific torsional modes increases 
211% and 155% for low- and high-frequency ranges respectively, as the SO process. As 
illustrated in Fig. 3a, there is a significant increase in the resonance frequency of TI from 
568.45Hz to 1433.2Hz, as E increased to 0.01% Ec. Similar smooth variation in resonance 
frequency was identified in the high-frequency range. This result was in accordance with [1, 22, 
28], suggesting that the frequency shift of the system increases along the mode shape complexity 
increasing. The change of frequency indicated a clear correlation between the E and resonance 
frequency in the early stage of SO and the result agrees with the findings in Cairns et. al. study 
[14].  
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(a) 

 
(b) 

Fig. 4: Frequency shift of torsional modes in frequency range: (a) 0-1800Hz; (b) 1800-5000Hz. 
 

Moreover, the mode located at 568.45Hz was observed to initially vibrate as implant torsional 
mode TI and then migrated to system torsional mode TS at 1770.6Hz, with the process of SO. 
The transformation, from the significant vibration at implant to torsional mode of the femur-
implant system, was apparent in high-frequency range as well. However, beyond 1% Ec, the 
frequency shift caused by the change of E was negligible for both low- and high-frequency 
ranges after the mode shape change.  

Even though the sensitivity of this method was constrained in the relative small E value, this 
variation in frequency and mode shape were significant, suggesting that monitoring the 
resonance frequency and mode shape change could aid in early detection of insufficient stability, 
thereby decreases the likelihood of failure in osseointegration. 
Conclusion 
This paper reveals the preliminary concept that monitoring the primary and secondary stability of 
the femur treated with novel implant design could be evaluated with the dynamic response of 
vibration. The finite element investigation has demonstrated that the resonance frequency 
increased gradually along the SO process. The result has also demonstrated the significant shift 
in resonance frequency, 211% and 155% for low- and high-frequency ranges respectively, 
indicating the potential of vibration analysis on the quantitative evaluation of the implant 

0%
30%
60%
90%
120%
150%
180%
210%
240%

0.001% 0.010% 0.100% 1.000% 10.000% 100.000%
560
735
910

1085
1260
1435
1610
1785
1960

Fr
eq

ue
nc

y(
Hz

)

%Ec

Pe
rc

en
ta

ge

Frequency shift of torsional modes in low-frequency range(0-1800Hz)

Torsional mode of implant(TI)
Torsional mode of system(TS)

0%
20%
40%
60%
80%
100%
120%
140%
160%

0.001% 0.010% 0.100% 1.000% 10.000% 100.000%
1897
2297
2697
3097
3497
3897
4297
4697
5097

Fr
eq

ue
nc

y[
Hz

]

%Ec

Pe
rc

en
ta

ge

Frequency shift of torsional modes in high frequency range(1800-5000Hz)

Torsional mode of implant(TI)
Torsional mode of system(TS)



Structural Health Monitoring  Materials Research Forum LLC 
Materials Research Proceedings 18 (2021) 87-94  https://doi.org/10.21741/9781644901311-11 

 

 

 92 

stability at the early stage of osseointegration. Furthermore, the identification of mode shape 
change enhanced the evaluation of stimulated osseointegration process. Future work is currently 
in progress to investigate this vibrational analysis method on various length of residual femur. 
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Abstract. Acoustic emission is defined as the phenomena whereby transient elastic waves are 
generated by the rapid release of localized sources within a material. During fatigue crack 
growth, the formation of new crack surfaces is associated with a sudden release of energy, which 
constitutes acoustic sources for acoustic emission. This paper investigates the acoustic emission 
signature arising from fatigue test of a metallic specimen under tensile fatigue test. In this 
experimental study, dog-bone aluminium alloy specimen with a surface defect was fatigued to 
failure. It is found that the acoustic emission characteristics are different during the propagation 
of surface crack, because the source is changing. The results provide a useful guide in identifying 
source origin based on the characteristics of the acoustic emission waveform. 
Introduction 
Aluminium alloys have been used in aerospace since the 1920s. The strength, hardness, and 
corrosion resistance of aluminium alloys increased dramatically as the aerospace industry 
developed. Although composite materials have been employed over recent decades, aluminium 
alloys are still widely used and contribute to over 50% of the total weight of an aircraft [1]. It is 
known that aluminium alloys are susceptible to fatigue damage and there has been a significant 
amount of research towards the development of structural health monitoring methodologies to 
detect and monitor the onset of fatigue damage and the eventual fatigue crack growth [2-5].  

The advanced non-destructive testing methods for metal material include near-infrared 
cameras (NIR), laser ultrasonics, and X-ray computed tomography [6-8]. Although these 
methods can reveal the defect by image clearly, there is still a need for a non-destructive method 
which has the potential to reveal the fatigue failure stages. In-situ acoustic emission (AE) testing 
is a widely used non-destructive testing approach for locating and classifying defects in rock, 
concrete, composite, and metal [9-14]. It is a real-time monitoring method of efficiency and 
high-performance and is used in monitoring equipment under active stress or machining 
processes [15-17]. According to previous research, AE has the potential to predict the stages of 
crack propagation during operation [4, 5, 18-20]. Thus, the AE method has a real and significant 
application in real-time structural health monitoring. When using AE to monitor fatigue crack 
growth, the possible AE sources include the formation of a new fracture surface and the rubbing 
or clapping of interface crack surface [21, 22]. 
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The transient wave in an AE signal is called hit, and it is usually understood as “an isolated and 
separated” waveform [23]. Previous studies on AE were focusing on hit-related information 
during fatigue tests, including the relationship between count rate and material rolling direction 
[24], and the relationship between count number on fatigue cycle and crack propagation rate [5]. 
Nevertheless, recent works on AE have focused on waveform pattern analysis and highlighted 
the importance of studying AE waveform [25, 26], because it could provide more information 
than only analysing hit-related characteristics. It is found that AE signals of aluminium alloys 
7075-T6 have peak frequencies around 100 kHz, 260 kHz and 600 kHz [20]. Other research also 
found different frequency peaks of low carbon steel [26] or aluminium alloy 2024 T3 [27]. 
Studies on AE waveforms are often challenging because the amplitude and frequency of AE 
waveforms can vary significantly. Sause and Hamstad stated that the frequency characteristics 
could be relatively irrelevant in some cases, because the AE sensors were of variety and could 
affect collected frequency [28]. For example, some sensors may provide more information on 
frequency than others [25]. Therefore, it is important to have a more comprehensive rule to 
cluster AE hits, so wave modes identification becomes very important. 

The elastic waves excited by AE signal in a thin plate-like structure are Lamb waves, which 
have symmetric modes and asymmetric modes. The most frequently discussed modes include 
zero-order asymmetric mode (A0), zero-order symmetric mode (S0), and first-order asymmetric 
mode (A1). The group velocities for distinct wave modes vary with frequency due to its 
dispersive nature and can be used in identifying wave modes. The most frequently used AE 
sensors are piezoelectric wafer active sensors and typically are threshold-based sensors that only 
record AE signals which exceed the set threshold level to discard possible background noise 
[26]. Unlike the active wave sensing approach, where guided waves are excited by a transmitter 
sensor [29], AE is a passive monitoring approach that listens for waves generated by rapid 
energy released from the structures themselves. Making use of this phenomenon, by aligning the 
theoretical dispersion curve with the wavelet transform, certain wave modes can be identified 
[30]. The influence of the source location in the thickness direction to AE wave modes has been 
investigated by some researchers for plate-like structure. Hamstad [31] showed that the PLB 
source location in the thickness direction of plate affects the generated wave modes: the in-plane 
PLB signal near top of the edge has only A0 mode, and that near mid-plane has both A0 and S0 
modes. Yu et al. [32] differentiated the delaminations and transverse cracks of composites by 
A0/S0 mode amplitude ratio. They also conducted an FEA of a thin plate with monopole input 
source, and results indicated that as the source location moved closer to the surface from the 
mid-plane, the ratio of A0 and A1 modes increased, and that of S0 decreased. As a result, wave 
mode decomposition results have the ability to indicate source locations and source origins. 

This paper presents a set of findings in using AE to monitor the fatigue crack development in 
an aluminium plate-like specimen. In describing the formation of new fatigue crack surface as a 
source of acoustic emission, the paper reports on the differences in the stress wave generated by 
propagating radial crack front. 
Methods 
Experimental method. The samples tested were dog-bone specimens with gauge width 40mm of 
and thickness of 3mm (Fig. 1a) made from aluminium alloy 6060 (Al6060) and its material 
properties are shown in Table 1. It has a thin surface defect (2mm length, around 0.5mm width, 
and 0.5mm depth) in the centre of the specimen (shown in Fig. 1b). The defect was first drilled 
with a 0.5 mm diameter drill for 0.5 mm depth in the middle, and then a 2 mm length 0.5 mm 
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depth line crack was engraved over it. The artificial defect was intended to cause stress 
concentration and initialise the fatigue fracture.  

 
Table 1: Al6060 specimen with through-thickness defect material properties. 

Young’s Modulus 68 GPa 
Poisson’s Ratio 0.33 
Density 2.7 g/cm3 
Tested yield stress  100 MPa 
Tested ultimate stress 150 MPa 

 

 
(a) 

     
(b) 

Figure 1. (a) Dimension of samples. (b) Surface defect. 
The specimens were fatigue tested using MTS machine Model 647. The specimens were 

tested cyclically from 43MPa to 74MPa until failure with R ratio 0.58. The fatigue cycling was 
paused when significant hits were recorded so that the fatigue fracture can be observed, and the 
AE waveform and the corresponding fatigue cycle were analysed afterwards. 

The Physical Acoustic Corporation acoustic emission sensors and recording system were used 
in the experiments. Two wideband PKWDI sensors detected from 200kHz to 850kHz were used, 
and they were connected to a two-channel Micro Structural Health Monitoring, with a 26 dB 
build-in pre-amplifier. The centres of the sensors are both 20 mm away from the defect. 

  
(a)                                                                         (b) 

Figure 2. (a) Photo of the experimental set-up. (b) Illustration of equipment set-up. 

Initial defect location 

Surface 
defect 
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The threshold setting of the acoustic emission equipment was done using a widely accepted 
artificial simulating source for acoustic emission, which was Hsu-Nielsen source, or also called 
pencil lead break (PLB) source [33]. In order to mitigate the test specimen from the noise 
generated by the MTS machine, the regions of the test specimen in the vicinity of the grips were 
treated with a damping layer (MegaSorber type DIS8) [34]. The damping sheets were cut into 
small pieces and carefully attached on both ends of the specimen, and the threshold setting was 
adjusted accordingly. Because the specimen was not symmetric, Channel 1 (C1) was placed on 
the non-defect side, and Channel 2 (C2) was placed on the initial surface defect side (see Fig. 
2a).  
Results and discussions 
Hit-related Feature Discussion. The hits were applied a high pass 60 kHz filter first to eliminate 
the low frequency vibration noise. The valid AE source from the defect should be from the area 
around the initial crack, which is in the middle of two sensors. Thus, the AE events of two 
channels were synchronized using the waveform event synchronization function in the AE-win 
software, where the hits were synchronized according to the time of collection. The event 
definition time was set as 50 μs to allow some error. Thus, the AE hits collected by only one of 
the sensors was discarded. 

The fatigue crack fracture surface of the specimen is shown in Fig. 3. The crack propagated 
radially from the initial surface defect until the other surface and then progressed to the edge of 
the specimen. 

 
Figure 3. Final crack surface after fatigue test till to failure. 

In Fig. 4a, the hit number increases slightly at the beginning of the test when the specimen 
was still settling, and the number almost keeps identical until a rapid increase in the lasts 10,000 
cycles before failure. The majority of the events happened during the last 10,000 cycles of total 
191341 cycles.  In Fig. 4b, there are large-amplitude hits at the end of the test due to the 
specimen broke into two pieces, while the amplitudes of other hits are very consistently between 
0 and 0.011 volts. It can be seen that the amplitude between hit 1000 to hit 3000 has a relatively 
constant amplitude between 0.007 volts and 0.01 volts, while from hit 4000 to hit 5700, the 
amplitudes are alternating between two values that have a relatively big difference: around 0.003 
volts and around 0.007 volts. This will be discussed more in the next section with the time 
difference between two hits together. 
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  (a) 

 
(b) 

Figure 4. (a) Number of AE hits vs fatigue cycles. (b) Amplitude of each hit during test. 

 
Figure 5. Time difference of two adjunct hits. 

Source and Waveform Discussion. The hits were divided into 5 periods according to the time 
difference between the current signal and its adjacent previous hit, shown in Fig. 5. In addition, 
the Fast Fourier Transformation (FFT) of each hit from both channels are illustrated in Fig. 6. 
The description details of each period are written in Fig. 7 column 1. In period 1, the time 
difference shown in Fig. 5 is random. when there was crack seen on only one side of the 
specimen, the FFT diagram of C1 and C2 shows 260 kHz are dominant. In period 2, the time 
differences are consistently 0.5s. When the fatigue crack penetrated through the surface to the 
opposite side of the initial defect, the dominant frequency of 260 kHz and around 600kHz is 
getting more obvious. In period 3, the time difference in Fig. 5 alternates between 0.05 and 
0.44s, and that of period 4 alternates between 0.005 and 0.5s. In period 5, the time difference 
becomes random again as period 1. In addition, the time takes for another hit to arrive of period 1 
and 5 are obviously longer than period 2 to 4. It is also worth noting that from period 2 to 4 when 
the crack is propagating, the time difference is regular: for period 2, it is one hit per cycle 
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because the load frequency is 2Hz; for period 3 and 4, there are two hits per loading cycle. 
Relating to the amplitude diagram, in period 2, when the time difference is consistent, the 
amplitude is relatively consistent as well. In period 3 and 4, when the time difference is close to 
0 seconds, the amplitude is around 0.003 volts; when the time difference is around 0.5 seconds, 
the amplitude is about 0.007 volts. 

In Bhuiyan and Giurgiutiu’ study [27], they clustered the AE hits according to the frequency 
characteristics, and it was found that for some clustered groups, the frequency characteristics of 
hits collected, amplitudes of hits and the fatigue load level that the hit happens are almost 
identical for each hit. The results in this paper is similar to their findings about the consistency 
between hit signatures and fatigue cycles. However, they did not present the hit over the whole 
fatigue process. In this paper, it is found that this consistency is true during the whole fatigue test 
after crack arise. In addition, their specimen is a symmetric specimen with a through-hole, while 
this paper shows that the asymmetric specimen with surface defect also have similar results. 
Unfortunately, this paper did not synchronise hit with load level as accurate as their work. 

The regular hit arising time in Fig. 5 indicates that the possible source origin could be from 
the opening and closing of the crack, or crack extension itself. In [35], It is found that the hits 
from crack extensions or inclusion fractures happened when maximum load is applied, and only 
take up to 10 % of the total AE activity. The load is not synchronised in this paper, so for future 
work, synchronisation with the fatigue load would be considered to identify hits from crack 
extensions. 

 
Figure 7. Time difference of two paired hits, one from each channel. 

Refer to Fig. 7, most of the values of the time difference between two paired hits are within 8 
μs, so this means that the source location is within the middle area of two sensors. In period 2, 
generally, the time arriving difference is very small and relatively consistent. From this 
phenomenon, it can be speculated that these hits are from one same source in the middle, and 
because it is happening once per fatigue cycle after crack just penetrated, it is highly likely to be 
caused by closure/friction of the crack surface. In period 3 and 4, the source in period 2 is still 
there, but there exists one more source that is happening very close to the previous one (Δt is 
0.05s or 0.005s). This new source is highly likely from the separation of stuck crack faces [35]. 
The reasons why this source did not arise in period 2 is that, in period 2, the defect has just 
penetrated and has only the crack labelled 1 (see Fig. 8), while in the later fatigue stage, crack 
labelled 2 arose and it is more likely to cause AE activity when separating because of the saw 
shape [27].  
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Figure 8. Crack profile on the back surface before failure. 

To study the dominant frequency characteristics in detail of each period, seven example 
waveforms were shown in each stage to illustrate the evolution of dominant frequency for both 
channels. Fig. 9 shows the wavelet transform of the AE events during the surface crack 
propagation. The first waveform was collected when there existed crack only on one surface, the 
amplitude of that is small compared to the later ones. The 270 kHz frequency is more obvious. 
For waveform from period 2, period 3 when Δt is 0.05s, and period 4 when Δt is 0.005s, a higher 
frequency around 600 kHz arises for both channels. For period 3 when Δt is 0.44s and period 4 
when Δt is 0.5s, the lower frequency still dominates. Possible reasons for this frequency shifting 
could be of different source origin. 

 
 

Period 1 
(Crack on one side) 

 
 

 

(1a) Back surface (C1) (1b) Front surface (C2) 
 

Period 2 
(Crack penetrated; 
time differences of 

0.5s) 
 

 

 

(2a) Back surface (C1) (2b) Front surface (C2) 
 
 
 

Period 3 
(Crack penetrated; 
time differences of 

0.05 and 0.44s) 

 

 

(3a) Back surface (C1); Δt=0.05s (3b) Front surface (C2); Δt=0.05s 

 

 

(3c) Back surface (C1); Δt=0.44s (3d) Front surface (C2); Δt=0.44s 
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Period 4 
(Crack penetrated; 
time differences of 

0.005 and 0.5s) 
 

 
 

(4a) Back surface (C1); Δt=0.005s (4b) Front surface (C2); Δt=0.005s 

 
 

(4c) Back surface (C1); Δt=0.5s (4d) Front surface (C2); Δt=0.5s 
Period 5 

(Breakage) 
* Colour scale is 
normalised to the 
signal maximum 

amplitude 
     

(5a) Back surface (C1) (5b) Front surface (C2) 
Figure 9. 7 chosen waveforms and corresponding wavelet transform. 

Because the actual source arising time is unknown in this situation, and the source is only 20 
mm from the sensor, it can be inaccurate to align the wavelet transform with the dispersion curve 
just by observing. Whilst similar observations can be qualitatively made, a better description of 
the modal content of the acoustic emission is required in order to delineate the contribution from 
S0, A0 and A1 modes during the period of fatigue crack propagation. Knowledge of the 
measured dispersion curve is necessary to delineate the contributions from these wave modes 
and to derive quantitative ratios of the guided-wave modes to describe the fatigue crack 
propagation. This highlights the limitation of the current measurement technique and underscores 
the potential of using a multi-element sensing arrangement described by Rajic et al [36]. 
Conclusion 
This paper has reported the acoustic signature of an artificial surface defect on dog-bone shaped 
Al6060 specimens under tensile fatigue test. It is found that most of AE events were collected in 
very late fatigue stage. Closure/friction and separation of crack surface contribute to most of the 
AE activities for the surface defect specimen. In addition, different source origins have a 
different ratio of dominant frequencies. This phenomenon indicates that, by monitoring AE 
waveforms, it is possible to predict the source of AE. Future work will account for wave modes 
decomposition on the fatigue crack propagation process and its associated AE characteristics. 
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Abstract. This paper showcases a quantitative investigation of scattering of ultrasonic waves 
experiences when impinging on a cylindrical defect inside a solid cylinder. Such cylindrical 
bores reduce the structural capacity of the cylinder, these defects constitute an even greater risk 
as they cannot be observed from the surface. The focal point investigated herein is to develop a 
better understanding of the wave’s scattering when interacting with defects of cylindrical bore, 
mimicking the Teredo marine borer, within the solid cylinder. Two-dimensional Finite Element 
simulations are carried out using ABAQUS software. A 200 kHz 5.5 cycle Hann windowed 
excitation on an isotropic cylinder is simulated a point source excitation at the circumference of 
the cylinder is used. The scattering wave fields from a range of defect diameters through the 
solid cylinder are presented. Using Two-Dimensional Fast Fourier Transform, the wave mode 
and velocity of the scattered wavefield along various directions was identified in cylindrical 
coordinates, to decouple the wave modes. Computational results are presented for the scattering 
pattern as a function of cylindrical bore diameter size relative to wavelength. This study serves as 
an efficient approach when choosing an input for ultrasonic imaging, with the aim to obtain high 
fidelity imaging resolution for structural health monitoring applications. 
Introduction 
Marine borers especially the oyster family Teredo, also known as shipworm, have been known to 
cause wooden piles to lose their structural adequacy[1, 2]. The main problem with detecting 
these borers is that they burrow within the piles without leaving any distinguishable marks on the 
pile’s surface which makes it hard to detect their existence by current methods.  The focal point 
investigated in this paper is to develop a better understanding of the stress wave’s scattering 
when interacting with defects of cylindrical bore shape within the solid cylinder. The defects 
mimic the Teredo marine borers that burrow in gun-barrel wooden structural piles Fig 1.  

 
Figure 1. Teredo borers inside a gun-barrel wooden pile illustration[3]. 
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Current methods to identify Teredo defects are laborious and ineffective in early detection of 
the marine borers such as quasi non-destructive testing using resistograph. [4]. Other methods 
such as X-ray scanner radiographs are hazardous, expensive and qualitative in nature [5, 6] and 
they are considered complementary methods to other mechanical and acoustic approaches. The 
most used non-destructive testing (NDT) method currently used is broadband stress waves using 
a hammer and ultrasonic receivers, this method depends on the time-of-flight (TOF) of the wave 
to determine the defect existence. In order to roughly learn about the defect location when using 
broadband impulses, iterative methods such as Algebraic Reconstruction Technique are utilised 
[7].  The issue with this method is that it does not assist in characterising the geometry of the 
defects or produce high fidelity images. To be able to deduce such information scattered wave 
field analysis are incumbent as well as the input signal’s type. 

In terms of the geometrical fundamentals of the Teredo defect, it can be approximated as a 
cylinder. Early work such as [8, 9] investigated hollow cylinders embedded in a solid infinite 
isotropic medium as a scatterer and laid the formulation of plane waves scattering for 
compressional/longitudinal (P) and shear (S) waves experiencing mode conversion, while Lewis 
et al [10] generalised the formulations for a solid cylindrical scatterer. Furthermore, in 
composites [11] studied scattering for single modes by a cylindrical fibre and [12] developed a 
theoretical framework to study multiferroic composites that  consist of randomly distributed 
fibres. Stress wave propagation in anisotropic wood formulations was investigated by [13]. Yan 
et al[14] used TOF to assess damage in timber poles using broadband excitation using a hammer. 
Scattered wave directivity patterns for a range of cylindrical defects were investigated in [15, 16] 
as a function of the wave number and cylindrical defect diameter. TOF is utilised in most of 
current literature as a primary method of detecting defects in wood using stress waves. However, 
TOF does not extract all the wavefield information and is limited to estimating the wavefield 
velocity. In order to achieve early detection of Teredo size defects inside a gun barrel/cylindrical 
wave guide it is incumbent to conduct a quantitative scatter analysis of the geometrical range for 
the Teredo Navalis from 5mm up to 10mm [3, 17].   

This paper computationally examines a hollow cylinder inside a solid isotropic cylinder and 
its interactions with elastic bulk waves, for a range of diameters focusing on the scatterer 
geometry. Despite wood being anisotropic and orthotropic, in this study the scattered wavefield 
is simulated in isotropic media. This will work as a reference for specific scatterer geometry 
behaviour in a well-known material. The wave modes, scattered wave patterns and their 
corresponding amplitudes are reported. 
Computational Procedure 
In this paper, numerical simulations using explicit dynamic finite element analysis tool in the 
ABAQUS software are presented. A cross-section of a solid cylinder of 200 mm in diameter is 
modelled in 2D plane strain for simulating bulk elastic wave propagating inside it. The material 
set as an isotropic aluminium (density of 2.7 kg/m3, Possion’s ratio of 0.33 and Young’s modulus 
of 69 MPa). The isotropic material 4-node bilinear plane strain elements (CPE4R) were used to 
mesh the solid cylinder cross-section. In order to decouple wave modes propagating inside the 
cylinder’s bulk the simulation data was converted from cartesian coordinates to polar coordinates 
in the 2D plane strain simulations with the centre of the defect is set as the point of origin. A 
narrow-band tone-burst signal carrying a central frequency is used as standard practice for the 
interpretation of the output signals [18]. For the simulation, the force excitation signal is a 5.5-
cycle Hann windowed with a centre frequency of 200 kHz. This loading configuration excites 
both P and S wave modes in the plane, however dominantly P-wave impinges the defect. 
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              (a)                                                                (b) 

Figure 2. (a) Schematic diagram indicating location of defect and showing the 2D FFT line, 
excitation point and scattered wave measurements (b). 2D FEA simulations of wave propagation 

at 30μs 
The defect is located in the middle of the cylinder as shown in Fig 2. The cylindrical cross-

section is discretised into 0.2mm 4-node bilinear plane strain elements. In Explicit analysis, the 
element size was set at 0.2mm, which satisfies the spatial requirement to capture ultrasonic wave 
propagation [19] and the time interval was set at 5ns to ensure the Courant Lewy Condition 
(CFL) [20]  is satisfied, and meets the ABAQUS Explicit Time Integration stability limit of 
0.6L/C, where L denotes smallest element length and C the maximum wave velocity [21]. The 
defect is modelled as an infinite cylindrical defect with a maximum spacing of 0.2mm around the 
circumference. The dependence of scattered amplitude with respect to defect diameter is 
investigated by varying the diameter size. The defect diameters (d) considered are of size from 
5mm to 10mm diameter with 1mm increment and then from 10mm to 60mm diameter with 
10mm increment, in order to investigate the effects when defect diameter is larger than the 
wavelength λ ≤ d and smaller (λ) > d with respect to an incident P-wave. At a centre frequency 
of 200kHz, the wavelength for the P wave, λP, is 31.6mm and for S wave, λS, is 15.8mm. Arrays 
of sensors were arranged in a straight equidistant line at different angles emerging from the 
excitation source and at an angle from the defect far side edge. It should be noted that, for λ ≤ d, 
the scattering contribution from the incident S waves are also present. 

In order to investigate and verify the behaviour of the bulk waves (P and S waves), the 
simulations data were processed using two-dimensional fast Fourier transformation (2D FFT); 
with node sensors at arrays radially away from the source of excitation. 2D FFT is performed on 
the nodes along lines at 0˚ and 45˚ from the defect, as indicated in Fig 2. This is used to identify 
the dominant bulk wave mode from the 2D FFT, spatial distance is taken at least 1.5λ away from 
the defect edge and over approximately 2λ distance with zero padding [22]. 

The scattered wave field is extracted by subtracting the wave field of the defect simulation 
from the pristine simulation  refer to Eq.1. Furthermore, in order to identify the scatter field 
modes, 2D FFT is implemented on scattered field data. 

 
𝑈𝑈𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃, 𝑟𝑟, 𝑡𝑡) = 𝑈𝑈𝑑𝑑𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃, 𝑟𝑟, 𝑡𝑡) − 𝑈𝑈𝑝𝑝𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑠𝑠(𝜃𝜃, 𝑟𝑟, 𝑡𝑡)    (1) 
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The scattered wave displacement is divided into two regions; back and forward scatter fields. 
They are defined in regions of scatter angle 270˚-90˚ and 90˚-270˚ as back and forward 
respectively. In Fig 6, the way the directivity is obtained is by taking the maximum peak of the 
envelope of the time signal via the absolute Hilbert transformation, which was performed over 
the time domain signals measured at points on the circumference away from the defect in the far-
field. In this paper time gating is conducted to validate the wave train of the scattered wave 
modes. Where scattered P wave arrives approximately after 35μs the scattered S wave arrive at 
50μs. All the nodes on the circumference were at increments of 0.5˚ from 0˚ to 360˚ and were 
used to obtain the polar directivity plots. The scattered wave amplitudes were measured at the 
cylinder circumference. Thus, the backward-scattered amplitudes were measured at 270˚ to 90˚ 
and the forward-scattered were measured at 90˚ to 270˚.  
Result 
Simulations were conducted to assess the effect of the defects on the incident wave and to detect 
mode conversion through 2D FFT results which were superimposed on the analytical wave mode 
velocities.   
Effect of defect diameter 
The 2D FFT results demonstrate the same pattern of mode conversion regardless of the circular 
defect sizes, indicating that mode conversion is independent of the defect diameter for the 
investigated range.  From the FE simulations, P and S-waves were observed as depicted in Fig 3. 
At the 45˚ sensor array, behind the defect as shown in Fig 3. P mode is dominant in radial (Ur ) 
direction as for the angular (Uθ) direction, we observe a dominant S mode with a very weak P 
mode. It is clear that the 2D FFT velocity is in good agreement with the theoretical velocities at 
200 kHz and 400 rad/m wavenumber which is calculated by the relation  𝑐𝑐 = 2𝜋𝜋

𝑘𝑘
𝑓𝑓 which yields S 

wave at 3155.185m/s  at an agreement with the theoretical velocity 3160m/s as in [23]. The 2D 
FFT results are slightly skewed when compared to the theoretical lines in Fig 3 due to the angle 
of the sensor array. In Fig 4, at 0˚ angle sensor’s array before the defect, the P mode is observed 
in the Ur direction, while in the Uθ direction the S mode is present along with a faint P mode. 
Using polar coordinates helped decouple the wave modes. In Fig 5, at 0 ˚ angle sensor’s array 
after the defect we see a dominant P mode in Ur in Uθ an S mode with leaking P mode. These 
results demonstrate the incident wave mode conversion due to interaction with the defect. The 
observed mode conversion are the same upon varying the defect diameter. 

 
(a)        (b) 

Figure 3. Analytical bulk velocities (P-S) vs 2D FFT for scattered wavefield for the sensor array 
at 45˚ from defect edge (a) S -wave and weak P-wave Uθ direction (b) P-wave Ur direction 
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(a)        (b) 

Figure 4. Analytical bulk velocities (P-S) vs 2D FFT for scattered wavefield for the sensor array 
at 0 ˚ from defect edge (a) S-wave Uθ direction (b) P-wave Ur direction 

 
(a)        (b) 

Figure 5. Analytical bulk velocities (P-S) vs 2D FFT for scattered wavefield for the sensor array 
at 180˚ from defect edge (a) S -wave and weak P-wave Uθ direction (b) P-wave Ur direction 

 

 
Figure 6. Scattered field amplitude directivity pattern in Ur direction top and Uθ bottom for d= 

(5mm to 10mm) 

Ur 

Uθ 
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Figure 7. Scattered field amplitude directivity pattern in the Ur direction top and Uθ bottom for d 

= (10mm to 60mm)  
The scattered wave plot patterns are symmetrical along the horizontal lines in Fig 6 and Fig 7 

for both Ur and Uθ direction. Fig 6 demonstrates that the defects from d=7mm to d=10mm show 
almost an identical scatter pattern in both Ur and Uθ directions. For the Ur direction the main lobe 
is at 180˚ with a significant but smaller lobe at 0˚, along with identical smaller lobes at 90˚ and 
270˚. For the Uθ direction the main lobes are at 30 ˚ and 330˚, with significant but smaller 
identical lobes at 150˚ and 210˚.For d=5mm and d=6mm a slight difference is observed in the Ur 
direction where the main lobe is at 180 ˚ with smaller lobes at 0˚, 60˚and 300˚. 

The observations from Fig 7. show that when the defect diameter increases in the Ur direction 
the dominant lobe fluctuates between 0˚ and 180˚. At d=10mm the main lobe is at 180˚ with a 
significant but smaller lobe at 0˚ along with smaller lobes at 90˚ and 270˚. Similarly, as d is 
increased to 20mm and 30mm there is a shift in the smaller lobes by 30˚ and 60˚ respectively. 
For d=40mm there are smaller lobes at 130˚, 160˚, 220˚ ,250˚ and the lobe at 0˚ shrinks, these 
smaller lobes are shifted by 10˚ upon increasing d to 50mm while a sharp main lobe is at 0˚. For 
d=60mm the main lobe is at 180˚ with smaller distinct lobes from 90˚ to 270˚. For the Uθ 
direction the forward scatter energy is focused more along the edge as the defect size increases. 
For d=10mm and 30mm the main lobes are located at 30˚ and 330˚, while for d=20mm, 40mm 
and 50mm the main lobes are located at 145˚ and 205˚, 45˚ and 315˚, and 60˚ and 300˚ 
respectively. For d=10mm and 30mm the smaller lobes are located at 150˚ and 210˚, while for 
d=20mm, 40mm, 50mm and 60mm the smaller lobes are located at 25˚ and 355˚, 150˚ and 210˚, 
145˚ and 205˚, and 150˚ and 210˚ respectively.    
Discussion  
FE results presented in this paper showed that the scattered wave fields directivity patterns are 
dependent on the defect diameter where the amplitude increase with an order of magnitude. In 

Ur 

Uθ 
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the Ur direction, the Fig 7 plots show that forward and back scattered regions are comparable in 
size with two similar lobes about the θ=180˚ radial line for d=10mm to d=40mm. As the defect 
diameter increase, the forward scatter decreases slightly, and the back scattered increases slightly 
becoming dominant. The same can be said when (λ) > d for defects from d=5mm to d=9mm. For 
λ ≤ d, the P incident wave is dominant with along with a weak incident S wave, the scattering 
wavefield have a contribution from this incident S wave as well. The patterns are only 
symmetrical on the 0 ˚ -axis. This is due to the creeping shear wave [24], coalescing with the 
leaky Rayleigh wave propagating on the circumference of the defect [25, 26]. This indicates that 
defect size characterisation can be related to the scattered field amplitude and incident wave 
mode conversion. Thus, methods of detecting and characterising defects within a solid which 
rely solely on the reflected wave field do not provide enough information for the characterisation 
of the defect size.  
Conclusion 
The scattered wave field of bulk stress waves in an isotropic solid cylinder with a cylindrical 
defect using narrow-band tone-burst excitation has been reported. This paper illustrated that the 
diameter of the cylindrical defect affects the scattered wave pattern and that the scattered pattern 
can be influenced by incident wave components P and S mode conversion. This study provides a 
fundamental analysis to address Teredo marine borers defects effects on wave fields. Further, 
this paper highlights the importance of scattered wave field analysis for defect size 
characterisation. Future work will address the Teredo defects in a multiple defects’ scenario. 
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Abstract. This paper presents a new method to estimate maximum drifts, relative displacements 
between adjacent floors, of all stories of multi-degree-of-freedom (MDOF) shear structures using 
only one floor’s absolute acceleration time history response under the ground excitation. The 
absolute acceleration and relative displacement are formulated in modal coordinates and the 
state-space expression is derived. Then the numerical simulation for a three-story structure was 
conducted to verify the performance of the state-space equation. The comparison of the 
estimated state and input with actual values is made and shows the good agreement. In addition, 
the relative displacement time histories of all floors were obtained, and the errors of maximum 
displacements and inter-story drifts were analyzed. The robustness against environmental noise 
was also investigated by numerical simulations as well. The results of simulations indicate the 
estimation is satisfactory, and very robust against the environmental disturbance.  
Introduction  
The performance of civil infrastructures, such as buildings or bridges, gradually deteriorates 
under service loads and damage could occur when structures suffer from disasters, such as 
earthquakes. Here, structural health monitoring (SHM) has been extensively researched over the 
last few decades as a means of assessing the states of structures [1].  

Maximum inter-story drift (drift angle) is an important parameter with which to evaluate the 
state of a structure. Inter-story drift is relative to the structural deformation capacity, and it is 
widely used in the design stage to judge whether a building will meet seismic design codes [2] or 
standards [3, 4]. In the service stage, significant inter-story drift intuitively suggests there may be 
damage to structural and non-structural members [5]. For seismic isolation structures and 
supplementally damped buildings, the peak inter-story drift significantly affect the characteristics 
of bearings and dampers and consequently the dynamic properties of the structures [6-10]. 

Acceleration responses are easier to detect than displacements in buildings [11], and the 
accuracy of accelerometers is normally higher than that of displacement sensors. The 
displacement time history responses relative to the ground can be obtained from the integral of 
the relative accelerations or a Kalman filter [12, 13], which requires several accelerometers and 
at least one on the base. These accelerometers need power and data cables, the installation of 
which entails a significant amount of labor. Moreover, such cables could be damaged, resulting 
in failure of the sensors during an extreme hazard. To overcome these difficulties, wireless 
passive sensors [14, 15] based on radiofrequency identification (RFID) or other technologies 
have been studied. In addition, identification schemes relying on fewer sensors have studied. For 
example, Yoshimoto et al. [16] used only three accelerometers to detect damage to base-isolated 
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buildings whose models were simplified by combining linear interpolation or cosine 
interpolation with the substructure approach. Considering that structures are usually still elastic 
or slightly non-linear during most earthquakes, we propose a novel way to estimate the 
maximum relative displacement of all floors in a linear multi-degree-of-freedom (MDOF) 
structure merely from the acceleration time history response recorded by one sensor installed on 
a floor. 

This paper is organized as follows: Section 2 formulates the structural responses in modal 
coordinates. Section 3 discusses the results of numerical simulations investigating the 
applicability and robustness against environmental noise of the proposed approach. Section 4 
summarizes this study and points out the potential of this research. 

Formulation of Proposed Method 
As shown in Figure 1, the equation of motion of a MDOF structure that is subjected to seismic 
excitation can be described as: 

( ) ( ) ( ) ( )gt t t u t+ + = −Mz Cz Kz Mr                               (1) 

where ( )tz  denotes the displacement relative to the ground, ( )⋅  means the time derivative, 
( )gu t is the ground acceleration, and r  represents an 1n×  unit vector [ ]T( 1 1 )=r  ; M , C

and K  are the structural mass, damping and stiffness matrixes, respectively. 
 

 
Figure 1. MDOF structure subjected to seismic excitation 

By installing one accelerometer on a floor, we can obtain the floor’s absolute acceleration 
time history response ( )iu t . We will focus on the estimation of the maximum relative 
displacement max( )iz t  or subsequently the inter-story drift max( )id t  of the floor based on the 
absolute acceleration response. 

The relative displacement of the i th DOF of the MDOF structure can be written in modal 
coordinates: 
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where Φ  represents the mode shapes matrix of the structure, ( )tη  is the modal coordinate, 
the subscript i  means the DOF whose response is observed, and the subscript k  denotes the 
participation mode.  

After obtaining the natural frequencies and damping ratios of the structure, we can calculate 
the modal coordinates by using the Duhamel integral when the structure is excited by a seismic 
wave ( )gu t : 

[ ]
0

( ) ( )sin ( ) exp ( ) ( )
tk

k g Dk k k k k
Dk

t u t t d v tΓη τ ω τ ξ ω τ τ Γ
ω

= − − − =∫                (3) 

where ω  indicates the natural frequency of the undamped system, the subscript D  denotes 
the parameter in damped system, ξ  is the damping ratio, ( )kv t  is defined as the modal 
displacement response caused by a SDOF system whose dynamic parameters are equal to the 
corresponding parameters in the k th mode of the MDOF structure under the ground excitation 

( )gu t , and Γ  represents the participation factor: 
T

k kΓ = Mrφ                                        (4) 

The equation of motion in modal coordinates with mass normalized mode shape gives: 
2 T( ) 2 ( ) ( ) ( ),  1, 2k k k k k k k gt t t u t k nη ξ ω η ω η+ + = − =Mrφ                      (5) 

By substituting Equations (3) and its first time derivative ( )k tη  into (5), the relative 
acceleration in modal coordinates ( )k tη  can be calculated.  

As a result, the absolute acceleration of the i th floor in physical coordinates can be expressed 
as: 

[ ]
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(2 ) ( )sin ( ) exp ( )
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2 ( ) cos ( ) exp ( )

tk
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∫
∑

∫






       (6) 

If we neglect the terms including the damping ratio in the equation [17], the absolute 
acceleration of the measured DOF can be approximately formulated as: 

2 2

1 1
( ) ( ) ( )

n n

i k ik k k ik k k
k k

u t t v tω φ η ω φ Γ
= =

= =∑ ∑                           (7) 

We use the modal displacement response ( )kv t  and modal velocity response ( )kv t  to 
constitute the state-space equation. Consequently, the state-space equation in continuous time 
can be formulated as: 

x
k c k c k k= + +x A x B p w                                   (8) 

k c k k= +y H x v                                       (9) 

k c k=z L x                                        (10) 
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where the process noise x
kw  and measurement noise kv  are assumed to be white, zero-mean, 

uncorrelated, with known covariance matrixes xQ  and R , respectively, and the system matrixes 
are formed by modal parameters.  

In the process equation, the input kp , that is the seismic wave ( )gu t , is unknown because 
there is no accelerometer on the structural base to record the acceleration. Similar to the 
reference [13], we use a additional fictitious process combined with a Gaussian random walk 
model to estimate the input and state simultaneously. 

Numerical Simulation 
Numerical simulations were conducted to verify the proposed approach of estimating the relative 
displacement and inter-story drift from the absolute acceleration of a story. A three-story 
structure is considered in this section. Figure 2 presents the model together with the structural 
parameters, including the damped mass and inter-story stiffness. The damping ratios in the first 
and second modes were assumed as 2% and 3%, respectively, and the damping ratio in the third 
mode was decided by Rayleigh damping. The structural natural frequencies and damping ratios 
are listed in Table 1. 

 

 
Figure 2. Simulation model of the three-DOF structure 
Table 1. Modal information of the three-DOF structure 

 
Frequency (Hz) Damping ratio (%) 

First 2.31 2.00 
Second 4.94 3.00 
Third 7.34 4.16 

 
The typical ground acceleration, El Centro earthquake wave (NS component), was taken as an 

example. The structural time history responses were analyzed by Newmark beta method. We 
selected the absolute acceleration of the first floor as the observation data. The measurement 
noise R , process noise xQ , pQ  of the state and input were set to 210− I , 410− I  and 1010 I  ( I is an 
identify matrix of appropriate dimension), respectively. The input and state including the modal 
displacement responses ( , , , )k k k gv u tω ξ   and modal velocity responses ( , , , )k k k gv u tω ξ   were 
evaluated using the Kalman filter. As can be seen in Figure 3, the filter could make a highly 
accurate estimation of the external force, and the responses in higher modes were recovered as 
were the lower modal vibrations regardless of their low amplitudes. 

𝑚𝑚1 = 2.0 kg 

𝑚𝑚2 = 1.5 kg 

𝑚𝑚3 = 1.0 kg 

𝑘𝑘1 = 1800 N/m 

𝑘𝑘2 = 1200 N/m 

𝑘𝑘3 = 600 N/m 
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(a) Estimated input 

 
(b) Estimated modal displacement responses  

of first (top), second (middle), and third (bottom) modes 

 
(c) Estimated modal velocity responses  

of first (top), second (middle), and third (bottom) modes 
Figure 3. Input and state estimation using modified Kalman filter 
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Next, the relative displacements of all floors were calculated using Equation (10). As shown 
in Figure 4, the estimated time history responses match the actual responses, indicating a good 
estimation of structural deformation. To consider the effect of environmental noise and 
investigate the robustness of the proposed approach, the responses were calculated at the 5% and 
10% levels of the signal RMS noise. The maximum relative displacement was extracted, and 
subsequently the maximum inter-story drift was determined. As can be seen in Figure 5, the 
algorithm performs well at noise level of 5%, and the efficiency will decline as the noise 
increases. In addition, the estimation of relative displacements of all floors and the inter-story 
drifts of the bottom floors is robust against the disturbances, and the estimation of inter-story 
drift of the floor with minor deformation is susceptible to noise. 

 
Figure 4. Estimated displacements of first (top), second (middle), and third (bottom) floors 
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(b) Estimated inter-story drift 

Figure 5. Relative maximum error for different noise levels 
Conclusion 
This paper presented a way to estimate the relative displacement time history and maximum 
inter-story drift of MDOF shear structures merely from the absolute acceleration of a single floor 
recorded by a sensor. Numerical simulations proved that the system state and undetected input 
can be simultaneously and accurately estimated based on the state-space system, and the relative 
displacement time history and maximum inter-story drift can also be obtained with a small error 
even under strong environmental disturbances, providing reliable evidence for making structural 
assessments.  

On the other hand, in the paper we just investigate a simple scenario in which the modal 
parameters are known, the structure is linear and mildly damped. In the future, we will focus on 
the estimation of maximum inter-story drift of the seismic isolation structures and 
supplementally damped buildings with the unknown modal information. 
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Abstract. Vacuum Assisted Resin Infusion (VARI) process is suitable for manufacturing 
complex large-scale composite structures and has the potential for low cost and mass production. 
However, the inappropriate process parameters such as incomplete resin flow and the uneven 
cure occurred will lead to some defects such as dry spots and delamination. In the present work, 
the concept of Networked Elements for Resin Visualization and Evaluation (NERVE) with the 
piezoelectric lead-zirconate-titanate (PZT) sensors as the base unit was used to monitor the 
internal state of composite struture during its life-time. The capability of PZT sensors in the 
NERVE to monitor two important parameters during the manufacturing process including the 
flow front of resin and progress of reaction (POR), was investigated. The Lamb waves generated 
by PZT, propagating in the mold/composite, was used to measure the parameters. The resin flow 
front was analyzed using optical detection at the same time. The flow front position over time 
and the influence of the length of sensing path covered by resin were delivered. The effects of 
different resin cure state on Lamb signal attenuation and energy leakage were also obtained. The 
change of amplitude was integrated to get the POR curves, so the resin cure state could be also 
monitored. After the composite was demoulded, the network was used contiously to identify the 
artifical damages with the fused probability-based diagnostic imaging (PDI). Experimental 
results indicate that the NERVE has the ability to realize the full life-cycle health monitoring of 
composite structures. 
Introduction 
Advanced composite materials are being used on almost all modern aircraft due to their 
advantages of high specific strength, high specific stiffness and tailoring of mechanical 
properties. However, it is still difficult to precisely manufacture co-cured large-scale carbon fiber 
reinforced plastics (CFRP) structures and ensure their structural integrity through their life [1]. 
The life-cycle monitoring of CFRP includes the manufacturing process and the service stage. 
This paper is about the study demonstrating the sensing method based on the piezoelectric 
sensors network for continuously monitoring the internal state of composite structures. 

As a new type of low-cost molding technology for large-scale composite materials with the 
advantages of excellent product performance, low porosity and good adaptability [2,3], the 
VARI has attracted more and more attention in the field of aviation and spaceflight. However, 
there are still many difficulties in the VARI process, such as the control of the resin flow, the 
prevention of dry spots and the delamination and residual stress that closely related to the control 
parameter of the process [4,5]. These flaws seriously jeopardizing the structural health cannot be 
easily corrected, because the trial-and-error approaches are inefficient and costly to determine 
suitable process parameters [6-8]. Therefore, it is necessary to carry out in-suit monitoring in the 
manufacturing process to adjust the process parameters in time to avoid the occurrence of 
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defects. The VARI process is accompanied by a series of complex reaction processes, such as 
heat transfer, mass transfer, rheological reaction and polymerization reaction [9]. While the 
Lamb waves propagating in the homogeneous mold is suitable for the in-line VARI process 
monitoring, because part of energy of the Lamb wave will leak into the liquid or viscoelastic 
resin in the filling and curing process. Based on the propagation characteristics of Lamb waves, 
the signal feature changes of leaky Lamb waves can be used to track different stage of the 
manufacturing process [10-12]. Different from the previous works, this study embedded several 
PZT sensors into the composite to obtain Lamb wave signals in a pitch-catch way, which is 
suitable for the monitoring of large-scale composite. 

In the service stage of CFRP, ultrasonic waves are still attractive because of their relatively 
long distance of propagation and sensitivity to discontinuities along the propagation path [13,14]. 
The active ultrasonic Lamb waves-based structural health monitoring (SHM) is considered to be 
one of the promising methods, and PZTs are one kind of preferred actuators and sensors [15]. 
Among the algorithms for diagnostic imaging, the probability-based diagnostic imaging (PDI) 
can weaken or even eliminate the direct interpretation of the ultrasonic guided wave signals and 
the effect of dispersion and anisotropy [16-18]. 

The Networked Elements for Resin Visualization and Evaluation (NERVE) [19] based on the 
concept of distributed multifunctional sensor network of SMART (Stanford Multi-Actuator-
Receiver Transduction) Layer [20] can monitor the manufacturing parameters (resin flow front 
and cure state) in the Liquid Composites Molding (LCM) process effectively. This paper firstly 
carried out the in-suit monitoring of VARI process experiment to validate the influence of the 
length of sensing path covered by resin and different cure state on Lamb signal attenuation and 
energy leakage. Then after the composite was demoulded, damage identification experiment was 
conducted with the fusion PDI approach of multiple frequencies. The experimental results 
indicated that the NERVE has the ability to realize the full life-cycle health monitoring of 
composite structures. 
Manufacturing monitoring 
Experimental setup for VARI process 
Before the experiment, three SMART layers were hollowed out for the resin to flow easily and 
nine circular PZT sensors (Ф8 mm × 0.33 mm) with the piezoelectric strain constant of about 
𝑑𝑑33 = 510 × 10−12 C/N were mounted on the bonding pad of the polyimide film Kapton® 
substrate, as shown in Fig. 1.  

The fiber prefabrication (400 mm × 400 mm× 2 mm) consisted of eight T300 woven carbon 
fiber plies was placed in the central area of the surface of a 6061-Aluminum alloy plate mold 
(600 mm × 600 mm × 2 mm). Then the layers were inserted into a specific position between the 
sixth and seventh plies to form a sensor network which were shown in Fig. 5. After that, seal the 
system and pump the air.Then the ScanGenie II developed by Acellent Technologies, Inc. at 
Sunnyvale, USA was used for generating and receiving Lamb wave signals as the baselines of 
different sensing paths. Due to the slight difference in the performance of piezoelectric sensors, 
the optimal excitation frequencies of different paths are obtained. The sensing paths and different 
excitation characteristics for manufacturing monitoring in Fig. 1 are listed in Table 1. 
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Fig. 1 The scene picture of the experiment for the VARI process. 

 
Table 1 Paths and excitation characteristics of piezoelectric sensor network 

Path Amp (V) f(kHz) Path Amp (V) f(kHz) Path Amp(V) f(kHz) 
P4-3 60 190 P4-2 60 180 P8-6 75 170 
P5-3 60 180 P5-2 70 190 P9-4 70 180 
P6-3 70 220 P6-2 70 180 P9-5 70 180 
P7-3 75 170 P7-4 70 190 P9-6 70 190 
P8-3 75 160 P7-5 60 180 P7-2 75 180 
P9-3 75 180 P7-6 60 190 P8-2 75 160 
P4-6 70 170 P8-4 70 160 P9-2 75 160 
P7-9 70 190 P8-5 75 160    

Note: P4-3 means the sensing path that Sensor 4 is the actuator and Sensor 3 is the receiver in this paper. 

The resin injection was carri out at room temperature. The resin used in this experiment was a 
mixture of epoxy resin (EC-TDS-IN2-Infusion-Resin) and curing agent (Formulated Amine) 
with a mixed ratio of 0.3 by weight. The low viscosity of 550 mPa.s at room temperature ensured 
the infusion of the production. With the injection of resin, the response signals excited by the 
narrowband five-peak sine waves modulated by Hanning window were collected continuously 
about every 2 minutes. A camera was placed at the top of the oven to track the resin flow front. 
After the resin filling process, clamped the resin tube and keep pumping the air. According the 
resin cure curves, the whole system was cured at a constant temperature (50 ℃) for 6 hours to 
eliminate the effect of temperature changes on the Lamb waves signal. The response signals 
were collected every 5 minutes in the resin curing process. 
 
Experimental results of VARI process 
For each sensing path listed in Table. 1, ninety-five sets of response signals were collected in 
about 6.5 hours. Among them, the first twenty sets of response signals were collected in the 
filling process and the others were in the curing process. The complexity of the waveguides and 
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the influence of experimental environment made it very difficult to determine the modes, so the 
first wave packet (the fastest mode) was selected to compare the amplitude and attenuation 
during the whole process. 
 
Resin filling stage 
In the resin filling stage, the normalized amplitude curves versus filling times are shown in Fig. 
2. Some interesting issues can be found: the amplitude fluctuated slightly before the 
corresponding sensing paths were covered by liquid resin. In the optical detection shown in 
Fig.2, the sequences of the sensors covered by resin were sensor 3,2,6,5. The order of the 
amplitude curves tended to decline is the same and implied the sequence of the sensing path 
started to be covered. Then the amplitude continued to decline because partial energy of Lamb 
waves would leak into the composite through the liquid-solid boundary. When the sensing paths 
were fully covered, the signals tended to be stable and the amplitude remained zero. 

 
Fig. 2 The normalized amplitude curves versus filling time and the optical detection results. 

 
In order to reveal the relationship between the resin covering length and the amplitude 

decrease, four long paths were chosen and the normalized amplitude curves versus length 
covered by resin were showed in Fig.3. It can be found that the amplitude decreased with the 
length covered by resin. The signal amplitudes of corresponding paths decrease sharply when the 
resin flow front reaches near the PZTs (less than 10 cm), no matter the actuator or the receiver. 
However, when the flow front reached the middle of the path and was more than 10 cm away 
from the actuator and the receive, the effect of the resin covering length on the signal amplitude 
is much lower. Thus, the resin flow front in the filling process can be monitored by the Lamb 
waves effectively. 
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Fig. 3 The relationship between the resin covering length and the amplitude. 

Resin curing stage 
In the curing stage, the thermoset resin undergoes a molecular crosslinking process during which 
it changes irreversibly from being viscous liquid to rubbery state and finally to rigid and highly 
cross-linked polymer solids. The amplitudes rise sharply with the crosslinking reaction and 
fluctuate slightly until they stabilize.  

When the resin is fully cured, it is in the glass state and can be considered as an elastic 
material. The effect of viscoelasticity on guided waves is negligible. So, the attenuation of the 
Lamb waves 𝛼𝛼 at cure time t was calculated from Eq. (1): 

𝛼𝛼 = 20𝑙𝑙𝑙𝑙𝑙𝑙(𝐴𝐴0/𝐴𝐴𝑡𝑡)/𝐿𝐿  (1) 

where 𝐴𝐴𝑡𝑡 and 𝐴𝐴0 are the amplitudes of the first peak in the waveform obtained at cure time t 
and the end of the process, L is the length of the sensing path. 

 
(a) 

 
(b) 

Fig. 4 (a)The attenuation of the Lamb waves obtained during the cure process; (b) The progress 
of crosslinking reaction over cure time. 

The attenuation curves of the Lamb waves obtained during the cure process are shown in Fig. 
4(a). The attenuations reach the maximum at the beginning and decrease with the cure process. 
At 150 minutes after cure, the attenuations become close to zero and the rate of reaction is very 
slow until the resin is fully cured. 

The normalized amplitude represents the cross-linking process, and the changes of amplitude 
represent the changes in the rate of reaction. Since the cross-link reaction is irreversible, so the 
absolute values of changes are integrated using Eq. (2):  
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∫ 𝑋𝑋𝑡𝑡𝑛𝑛
𝑡𝑡1

𝑑𝑑𝑑𝑑 ≈ ∑ (𝑑𝑑𝑖𝑖+1 − 𝑑𝑑𝑖𝑖)𝑛𝑛−2
𝑖𝑖=1

1
2

(|𝑥𝑥𝑖𝑖+2 − 𝑥𝑥𝑖𝑖+1| + |𝑥𝑥𝑖𝑖+1 − 𝑥𝑥𝑖𝑖|) (2) 

in which 𝑥𝑥𝑖𝑖 is the amplitude at time 𝑑𝑑𝑖𝑖. Then the data is normalized to get the POR curves of 
different sensing paths over cure time, which are shown in Fig. 4(b).It can also be concluded that 
the progress of crosslinking reaction increases with the cure time, and becomes slow after 150 
minutes and the resin is fully cured after 300 minutes. So the real-time monitoring of resin cure 
process can be achieved by the POR curves using the NERVE.  
Service monitoring 
Experimental setup for damage identification 

 
Fig. 5 The network of sensing paths for damage identification. 

After the manufacturing process, the composite was demoulded and the damage identification 
experiment was carried in the room temperature. The network of sensing paths for damage 
identification is showed as Fig. 5. To reduce the cost, three cases of six artificial damages with 
the solid adhesive tape of 20 mm in the diameter and 2 mm in the thickness were bonded on the 
surface of the panel in this part. Different from the manufacturing process, the frequencies that 
are more sensitive to the damage in the composite plate needed to be selected. Because the 
ultrasonic waves decay faster in CFRP than in aluminum, so lower frequencies should be 
selected. The excitation frequencies are 50 kHz, 60 kHz and 70 kHz for the sensing path in Fig. 
5. Three frequencies are fused and the scaling parameter 𝛽𝛽 is set to be 0.3. 
 
Experimental results for damage identification 
According to the relationship with the sensing paths, six artificial damages can be divided into 
three cases: the intersection of three paths, the intersection of two paths and only on one path. 
The different diagnostic images concerning the presence of probability of damages are shown as 
Fig. 6. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 6 The diagnostic images concerning the presence of probability of three cases of damages 
(the colour coding indicates its relative probability (blue: low to yellow: high), the blue “+” is 
the damage centers calculated by the fused PDI and the red “*” is the actual artificial damage 
center). (a) intersection of three paths, (b) intersection of two paths, (c) and (d) only one path.  

The Fig. 6 gives the diagnostic images and the results indicate that the fused PDI algorithm 
can locate different damages accurately. In order to further quantify the damage detection 
capability of embedded sensor network, the damage center of actual damage and the results 
obtained by the PDI are extracted and the relative distances between them are calculated. The 
relative error which is the ratio of relative distance to the length of the shortest sensing path (150 
mm in this paper) is also calculated and showed in Table 2. The maximum localization error is 
24.19 mm and the relative error is 16%. The results further indicate that the embedded sensor 
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network and the fused PDI algorithm are capable of pinpointing damage in the service stage of 
composite structure. 

 
Table 2 The damage identification results of embedded sensor network using fused PDI. 

Number Actual damage  Fused PDI  Relative distance (mm) Relative error 
1 (275,200) (265.5,207) 11.80 8% 
2 (275,155) (277.5,162) 7.43 5% 
3 (275,245) (279,243) 4.47 3% 
4 (100,200) (101.5,204.5) 4.74 3% 
5 (250,200) (253.5,207) 7.83 5% 
6 (237.5,155) (258.5,167) 24.19 16% 

Conclusion 
The experimental results indicate that the NERVE has the ability to realize the full life-cycle 
health monitoring of composite structures, including the resin flow front and cure state in 
manufacturing process and the damage identification in the service stage. 

In the resin filling process of the VARI experiment, partial energy of Lamb waves would leak 
into the composite structure through the liquid-solid boundary. The order of the amplitude curves 
tends to decline implied the sequence in which the sensing path starts to be covered. When the 
resin flow front reaches near the PZTs (less than 10 cm), no matter the actuator or the receiver, 
the signal amplitudes of corresponding paths decrease sharply. But the effect of the resin 
covering length on the signal amplitude is much lower when the flow front is more than 10 cm 
away from the sensors. In the resin curing stage, the attenuations reach the maximum at the 
beginning and decrease with the cure process. At 150 minutes after cure, the attenuations become 
close to zero and the rate of reaction is very slow until the resin is fully cured, which is the same 
as the progress of crosslinking reaction by integrating the absolute values of amplitude changes. 

After the composite is demoulded, six artificial damages with a kind of solid adhesive tape are 
bonded on the surface of the panel and the damages are identified using the fused PDI algorithm. 
The maximum localization error is 24.19 mm and the relative error is 16.13%. The diagnostic 
images concerning the presence of probability of damages and the damage localization results 
indicate that the embedded PZT sensor network is capable of pinpointing damage in the service 
stage of composite structure. 

By comparing the propagation characteristic of Lamb waves, the in-line monitoring of the 
internal state of composite structure during its life time can be achieved by the NERVE under 
constant temperatures. But the effect of temperature changes on Lamb wave signals should be 
studied and the corresponding temperature compensation strategy is still a challenging problem 
needed to be solved in the real manufacturing and service environment. 
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Abstract. In this study, guided stress waves were used to evaluate the conditions of a timber 
utility pole experimentally and numerically using COMSOL Multiphysics. Macro Fiber 
Composites (MFCs), due to their flexibility and convenience to install on curved surfaces, were 
used to actuate and sense guided waves along the tested specimens. Based on the wave 
propagation characteristics in these types of structures, an MFC actuator ring, which was 
developed in the previous work, was applied to tune and enhance the propagating wave modes of 
interest. The designed ring was used to excite longitudinal ultrasonic wave modes, mainly 
L(0,1), for the purpose of determining the embedded length of the pole. For the damage 
localization a single MFC excitation was used which proved to be more efficient than the 
actuator ring. Embedding the timber in soil had minimum impact on the wave propagation 
characteristics, given that the waves were confined in the timber pole with minimal leakage to 
the surrounding. The embedded length was determined accurately for sound and damage timber, 
using both experimental and numerical data with an error of less than 3 %. The deterioration in 
the timber structure, within the embedded region, was also evaluated with high accuracy of 93 
%. Based on the obtained results, guided waves have high potential to be used as a non-
destructive tool for the assessment and evaluation of timber utility poles.  
Introduction 
The use of timber has commenced thousands of years ago and is still being used today in 
numerous applications. Being easy to manufacture and customize, practices vary from 
construction work, transportation applications, equipment, and infrastructure. When treated 
properly, timber can act as a substitute for many renowned materials such as steel and concrete. 
The cost of transportation and storage is low compared to other materials, in addition to the 
ability to withstand handling and surface damage due to the lightweight and tough properties [1]. 
When evaluating the integrity of timber utility poles, two parameters are mainly examined and 
correspond of the embedded length of the pole and the presence (position) of damage or decay in 
the embedded section [2]. Currently, surface non-destructive techniques are the most common in 
timber structures where longitudinal (compressional) and flexural (bending) stress waves are 
used for the evaluation process. These techniques include sonic echo (SE) and impulse response 
(IR) tests, where the embedded length and health state of the timber can be evaluated. Condition 
assessment of timber poles can be performed using guided waves where the presence of decay or 
damage can be detected. Various studies on this matter have been conducted with the use of 
machine learning techniques. Dackermann et al. [3] used support vector machines (SVM) on a 
network of tactile transducers that generate guided waves in timber poles. Different damage 
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cases were conducted on several timber and concrete pole specimens where the SVM was used 
to generate classification results for predicting damage conditions. Other signal processing 
techniques such as fast Fourier transform (FFT) and principal component analysis (PCA) were 
also used to process data from damaged specimens. In another study, Dackermann et al. [4] 
presented machine learning methods for pattern recognition to assess the health condition of 
timber poles. Guided waves were actuated and captured using a multi-sensor array mounted on 
the pole. Damage detection using a hierarchical data fusion algorithm was applied on timber 
poles in [5] with the use of guided waves. Multi-sensor arrays were also used in the model where 
the hierarchical approach lead to an enhanced accuracy when detecting damage in the timber 
pole. 

In this study, guided waves have been used for the assessment of timber poles numerically 
using COMSOL Multiphysics and experimentally. Important features such as the embedded 
length and the health state of the timber pole has been evaluated by the means of  Macro Fiber 
Composites (MFCs) (Smart Material corp., 2017). The application of an MFC-ring assisted in 
the generation of purely longitudinal wave modes, such as mode L(0,1), which were used in the 
evaluation process. The excitation frequency was selected according to a set of factors such as 
the number of propagating wave modes, dispersion and the number of MFCs required in the 
actuator ring. The effect of change in boundary conditions (traction free and soil embedment) on 
the length estimation and damage assessment was also investigated.  
Numerical FEA Model 
Dispersion curves were generated using DISPERSE software [6] for a transversely isotropic 
timber pole, for the specimen under-study, with properties shown in Table 1. The group velocity 
can be directly used to characterize the propagating wave modes and can be calculated using the 
central transit time of each propagating packet. Propagating wave modes in circular structures 
are dependent on the circumferential order n [7]. Torsional modes T(n,m) involve the azimuthal 
component of the displacement vector, and longitudinal modes L(n,m) involve both radial and 
axial components of the displacement vector with n = 0 where they propagate with axial 
symmetry along the cylinder [7]. Flexural wave modes are much more complicated and are non-
axisymmetric with all three components of the displacement vector. For every circumferential 
order n ≥ 1, there exists a flexural wave mode of a given family [7]. Group velocity plots for 
longitudinal and flexural waves of first order are displayed in Fig. 1. 

 
Table 1 Material properties of transversely isotropic white pine timber [8]. 

Property EL (GPa) ER (GPa) ET (GPa) GLR (GPa) GLT (GPa) GRT (GPa) 𝜌𝜌 (kg/m3) 

Value 11.11 0.866 0.866 0.577 0.577 0.533 380 
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(a) 

 

(b) 
Fig. 1 Dispersion curves: Group velocity versus frequency for (a) longitudinal and (b) flexural 

wave modes. 
Ring Design and Wave Mode Tuning. For the assessment of timber poles, it is important to 

tune the propagating modes based on the dispersion curves. The high number of waves, from the 
dispersion curves, was shown to be present even at low frequencies with a significant effect of 
dispersion. In particular, flexural modes are more complicated than longitudinal ones and are 
present in high orders (for n ≥ 1). The generation of non-axisymmetric wave modes (flexural 
modes) can be restricted by the excitation of a transducer ring of piezoelectric elements, equally 
spaced around the circumference of the pole [9]. This configuration suppresses flexural modes 
and enhances the propagation and reflections of longitudinal waves present at the frequency of 
excitation. In order to suppress flexural modes, the total number of transducers placed around the 
circumference must be greater than or equal to the highest circumferential order (m) of flexural 
modes propagating at the excitation frequency [9]. From the dispersion curves shown in Fig. 1 
(b), there exist F(4,m) with the highest circumferential order of 4 at 12.5 kHz. This means that a 
minimum of 4 MFCs must be mounted, equally spaced around the circumference, to suppress the 
propagating flexural modes at this excitation frequency. At higher frequencies, the maximum 
circumferential order is > 7 which requires the actuation of > 8 MFCs around the circumference. 
In our design, the excitation frequency was selected at 12.5 kHz and the MFC ring consisted of 8 
elements. This will allow us to experiment three different actuation configurations corresponding 
of single, four and eight-MFCs. The verification of exciting an MFC ring around the pole’s 
circumference was depicted in our previous study [10]. By actuating multiple MFCs in the ring, 
unwanted flexural modes were suppressed, and the longitudinal modes propagated with an 
enhanced amplitude.  

Effect of Boundary Conditions and Damage Induction. The evaluation of embedded length 
and health state of a timber pole was scrutinized numerically using COMSOL Multiphysics [11] 
by examining the propagation of guided waves in traction free and embedded boundary 
conditions. For utility poles in specific, the recommended embedment depth is 10% of the total 
pole’s length plus 2 ft (61 cm). The total length of the pole modeled in COMSOL was 5.5 
meters, in order to account for a suitable embedment length of 1.45 meters. This selected length 
was the expected value of an in-service embedded utility pole with an 8-meter length For the soil 
– timber interface, a contact node was added to the common surface between both timber and 
soil where the contact pressure method used was Penalty. Damage was introduced to the timber 
structure in the embedded section by removing a small section of the timber. The numerical 
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model for damaged timber was simulated for traction free and embedded models with the 
application of the MFC ring. Fig. 2 (a) and (b) shows the MFC actuator and sensors placement 
along with the embedded boundary condition for the damaged model.  As for applying mesh to 
the model, the wavelength found from the dispersion curves were used to calculate the mesh 
size, where an average of 6-10 elements per wavelength is required [12, 13]. Additional 
convergence tests were performed on the calculated mesh size and yielded 5.5 mm, with around 
16 elements per wavelength.  

 
 

(a) 

 

 
 

(b) 
Fig. 2 5.5-meter timber pole in COMSOL: (a) actuator ring and sensor placement and (b) 

embedded boundary condition for the damaged structure. 
Experimental Setup 
One of the most common types of timber in the electric distribution industry (utility poles) is 
Scots pine (also known as Pinus Sylvestris [14] or white pine) which was used in the experimental 
setup. A validation process was undergone on an 8-meter timber pole where the effect of change 
in boundary conditions and damage induction was inspected. Multiple MFC actuation 
configurations (MFC ring) for tuning the propagating waves were tested to determine the 
embedded length and location of the damage. The embedded length corresponds to the distance 
between the MFC sensor and bottom edge of the pole, and the damage location corresponds of 
the distance between the sensor and the damage. MFCs of type M-2814 P1 were coupled to the 
pole’s surface using Loctite’s E120 HP epoxy adhesive at different locations along the specimen. 
In order to create an arrangement where the variable is the embedded condition, a wooden box 
was inserted at the back end of the pole where soil can be added and removed. Fig. 3 (a) displays 
the simply supported 8-meter pole where the bottom section was inserted into the box. The 
testing was only performed on the bottom end of the pole, which was the location of interest, to 
evaluate the embedded section and acquire less reflections from the top end of the pole. Last, the 
frequency of excitation was selected at 12.5 kHz and the actuator ring contained 8 MFCs, similar 
to the numerical model. The actauator ring and sensor placement are shown in Fig. 3 (b). 

A damage was induced in the structure where the timber pole was cut in the section located 
inside the wooden box (embedded section). The experiments were performed for traction free 
and embedded conditions for sound (pre-damage) and damaged timber to investigate the effect 
on guided waves and embedment length estimation. The location of the damage was determined 
from the setups for both boundary conditions. Fig. 3 (c) shows the damage created in the section 
of the pole, prior to soil embedment. To avoid variations during the experiment, all setups were 
performed simultaneously. To simulate the embedded condition, soil was added gradually to the 
wooden box and compressed at each layer to provide as much contact as possible with the 
surface of the timber pole. 
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(a) 

  
(c)  

Fig. 3 (a) 8-meter timber utility pole, (b) MFC actuator ring and sensor configuration and (c) 
Induced damage in the embedded section of the pole. 

Data Acquisition. The equipment used in the experimental setup were a Keysight 33500B 
signal generator, EPA-104 Piezo System Inc amplifier, and Keysight InfiniiVision DSO-X-
3024A oscilloscope. The generated 5-cycle Hanning window input signal to the actuator was 
passed through the signal amplifier which increased the gain to 300 V peak to peak. Signals from 
the sensors were then acquired using the oscilloscope at a sampling rate of 2 MHz.   
Results and Analysis  
Effect of Boundary Conditions. The effect of boundary conditions on determining the embedded 
length was scrutinized numerically and experimentally on a 5.5-meter and 8-meter timber pole 
respectively. Multiple MFC configurations were actuated separately which correspond to single, 
4-ring and 8-ring actuation at the selected frequency of excitation. Wave mode characterization 
and the effect of soil are analyzed in this section, for sound timber prior to damage induction. 
The numerical results acquired were decomposed using the improved complete ensemble 
empirical mode decomposition with adaptive noise (CEEMDAN) signal processing technique, 
providing a better understanding of the difference between the two boundary conditions. This 
method decomposes the input signal into modes that are composed of multiple frequency and 
amplitude modulated functions. The sum of these modes, or intrinsic mode functions (IMFs), 
form the complete initial input signal [15]. The IMFs generated can help identify mode reflections 
and compare two signals more accurately.  

 Analyzing the acquired numerical signals for sound timber (single MFC atuation) shown in 
Fig. 4, the reflections from the propagating wave modes appear to have slightly higher 
amplitudes in the embedded boundary condition than the traction free one. This indicates that not 
only the wave is contained inside the pole in the embedded condition, but also there is less 
leakage in soil than in air. Packets arriving at times 4E-3, 4.65E-3 and 5.2E-3 seconds have a 
higher amplitude in the embedded condition. From Fig. 4, the bulk wave propagates at 5000 m/s 
and arrives at the beginning of the signal, with its reflections from both ends of the pole present 
at around 1E-3 seconds and 2E-3 seconds. This bulk wave appears to be non-dispersive where 
the 5-peak packet maintains its shape as shown in the first and second arrival of the wave, with 
no change in the frequency components. Flexural modes propagate at 2540 m/s and 1429 m/s 
indicating F(1,1) and F(1,2). Their reflections arrive at 2E-3 and 3E-3 from the bottom of the 
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pole. F(1,1) second reflection from the top end arrives right before 4E-3 seconds. Also, flexural 
mode F(4,1) of order 4 propagates at 625 m/s. The rest of the high order flexural modes are not 
indicated in the figure for simplification purposes. Nevertheless, longitudinal modes L(0,1), 
L(0,2) and L(0,3) propagate at 980 m/s, 780 m/s and 508 m/s respectively. Their reflections are 
also indicated in the figure, where L(0,1) and L(0,2) arrive at 4E-4 and 4.5E-3 seconds. The 5.5-
meter pole provides enough distance for the waves to converge, which results in the propagation 
of various modes with different orders. As for the effect of soil embedment, no significant effect 
on flexural mode's first reflections is shown. However, for the second reflection of F(1,1) and the 
first reflection of L(0,1) and L(0,2), there is a notable increase in the packet’s amplitude in the 
embedded condition.  

 

Fig. 4 Numerical results: Propagating wave modes and their reflections for traction 
free/embedded signals using single MFC actuation at 12.5 kHz. 

Similarly, the acquired signals from the experimental single MFC actuation, traction free and 
embedded boundary conditions (sound wood) were placed above each other and decomposed to 
examine the difference. Embedding the section of the pole did not have significant effect on the 
reflecting packets, but rather the waves were confined within the medium with minimal leakage. 
It can be shown in Fig. 5 that all propagating modes are the same in traction free and embedded 
signals. Flexural modes F(1,1) and F(1,2) propagate at 2797 m/s and 1768 m/s and arrive early in 
the acquired signal.  The longitudinal modes L(0,1) and L(0,2) arrive right after and propagate at 
1140 m/s and 845 m/s respectively along with their reflections arriving at 4E-3 and 5.2E-3 
seconds from the bottom edge. Furthermore, F(1,2) and L(0,2) reflect from a knot present at 1.2 
meters to the left of the actuator, which appear in the packets at 2.6E-3 and 3.65E-3 seconds. The 
reflected packets from the knot travel a total distance of 3.2 meters. The effect of soil embedment 
appears only on the reflection of mode F(1,1) where the packet has a lower amplitude in the 
embedded condition. However, the rest of the modes reflected are not affected by the addition of 
soil, which indicates that they are confined in the timber medium with no attenuation and leakage 
to the outer soil medium.  
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Fig. 5 Experimental results: Propagating wave modes and their reflections– traction 

free/embedded signals, using single MFC actuation at 12.5 kHz. 
Determining the embedded length of the pole can be done by capturing the first and reflected 

arrival of a certain wave mode. Several modes propagate at 12.5 kHz frequency as shown in the 
numerical and experimental results, where each identified reflected packet can be used for the 
length estimation. However, some modes are more sensitive than others with respect to the 
boundary conditions present, knots and cracks in the structure and the configuration of MFC 
actuation. Since flexural modes are unwanted due to their complexity and the presence of high 
order modes, the MFC ring actuation can cancel them out and simultaneously enhance the 
longitudinal modes and their reflections [16], which can be used for the length estimation.  

Signals acquired from actuating 4 and 8 MFCs around the pole’s circumference are shown 
below for traction free/embedded boundary conditions. Results from the numerical model shown 
in Fig. 6 confirm that the actuation of multiple MFCs enhances the acquired packets in general, 
whether they were flexural (unsuppressed) or longitudinal wave modes. For instance, the 
amplitude of the direct transmission of the bulk wave, L(0,1), L(0,2) and L(0,3) is higher than 
the ones in single MFC actuation. L(0,1) amplitude (direct transmission) increases by around 
60% in the 4 and 8 MFC actuation. The reflection’s amplitude of mode L(0,1) is also enhanced 
in the 4 ring by 58 %, and 63 % in the 8 ring actuation. Additionally, flexural modes F(1,1) and 
F(1,2) do not appear to propagate in both MFC ring actuations, meaning they were completely 
suppressed. However, from Fig. 6 (a) mode F(4,1) still propagates at 630 m/s in the 4 ring 
actuation where it was not suppressed due to its higher circumferential order. The results from 
actuating 8 MFCs shown in Fig. 6 (b) confirm the suppression of all flexural modes, including 
mode F(4,1). Comparing the traction free and embedded signals, no significant difference can be 
identified as observed in the case of the single MFC actuation. When actuating 4 and 8 MFCs 
around the circumference, the effect of soil/air on the longitudinal modes’ reflections decreases. 
However, mode L(0,2) was the most affected by the soil embedment where it had a slightly 
higher amplitude than the traction free condition. Reflection of longitudinal mode L(0,1) had the 
same amplitude in the two boundary conditions. 
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(a) 

 
(b) 

Fig. 6 Numerical results: Propagating wave modes and their reflections for traction 
free/embedded signals using (a) 4-Ring and (b) 8-Ring MFC actuation at 12.5 kHz. 

In the experimental testing, the MFC ring actuation also yields similar results as the 
numerical. Fig. 7 shows the acquired signal for traction free and embedded conditions using 4 
ring (a) and 8 ring (b) MFC actuation. The bulk wave, L(0,1), and L(0,2) attained higher 
amplitudes than the single MFC actuation. The direct transmission enhancement of the 
longitudinal modes is around 30 % in both ring actuations, whereas the reflection enhancement is 
80% and 93 % in the 4 and 8 ring actuations. Regarding the suppression of flexural modes, the 4 
ring actuation was not enough to suppress F(1,1) which arrives at 1E-3 seconds as shown in Fig. 
7 (a). However, in the 8 ring actuation shown in Fig. 7 (b), all flexural modes including F(1,1) 
were suppressed. The rest of the propagating wave modes and their reflections are indicated on 
the figures. The acquired signals are almost entirely similar for traction free and embedded 
conditions in both MFC ring actuations, where the effect of soil embedment seems negligible.  

 
(a) 

 
(b) 

Fig. 7 Experimental results: Propagating wave modes and their reflections for traction 
free/embedded signals using (a) 4-Ring and (b) 8-Ring MFC actuation at 12.5 kHz. 

Effect of Damage Induction. The behavior of guided waves in timber has been examined with 
the change in boundary conditions (traction free and embedded models) for sound wood.  In this 
section, results from inducing damage in the timber structure (embedded section) are shown. The 
same boundary conditions and MFC actuation configurations were used, at 12.5 kHz frequency. 
Numerical results from single MFC actuation, embedded boundary condition are displayed in 
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Fig. 8 (a) for sound (solid line) and damaged timber (dashed line). From the original signal, some 
difference can be identified after time 3E-3 seconds. No solid identification of the damage 
reflection can be identified, which requires the usage of CEEMDAN to better identify the 
packets resulting from the damage. The first decomposed mode (IMF 1) is displayed in Fig. 8 (b) 
where the reflected packets from the edge of the pole and damage are indicated. Flexural and 
longitudinal modes’ direct and reflected transmissions are indicted on the figure. The 
decomposed signal shows the arrival of F(1,2) from the damage at 1.8E-3 seconds, which 
coincides with the arrival of F(1,1) edge reflection. Longitudinal mode L(0,1) reflects from the 
damage and arrives solely at 2.6E-3 seconds. The packet at 3.4E-3 seconds appears to have a 
higher amplitude in the damaged signal (dashed line) due to the arrival of L(0,2) damage 
reflection, which coincides with the second reflection of F(1,1) from the top edge of the pole. 
Last, longitudinal mode L(0,3) propagating at around 508 m/s reflects from the damage and 
arrives solely at 4.35E-3 seconds. Longitudinal modes provide more accurate information about 
the damage, especially due to the non-concatenated packets such as L(0,1) and L(0,3) reflections 
from the damage. Due to their higher speed, flexural modes' reflections seem to arrive early in 
the signal which results in the concatenation with other modes of lower speeds. Therefore, 
longitudinal modes can be solely used for the damage localization process. The numerical 
acquired signal from the traction free boundary condition showed similar results as the 
embedded, with minor differences in the amplitude of the reflected wave modes.  

 
 

  

Fig. 8 Numerical results: Embedded sound (solid line) and damaged (dashed line) using single 
MFC actuation at 12.5 kHz (a) original signal and (b) decomposed signal after CEEMD (IMF 

1). 
In the experimental validation, the induced damage in the timber structure resulted in much 

more complicated results than the numerical. Several knots and cracks in the experimental timber 
specimen cause reflections which complicates the acquired signals. Therefore, the propagating 
wave mode arrivals could be overlapping in most cases which makes it hard to determine the 
damage location for more than one mode. The decomposed signal from the embedded condition 
for single MFC actuation at 12.5 kHz is shown in Fig. 9. The propagating modes are indicated on 
the figure with their reflections. Flexural modes F(1,1) and F(1,2) arrive at the beginning of the 
signal and reflect from the bottom edge at 2E-3 and 3E-3 seconds. Longitudinal modes L(0,1) 
and L(0,2) propagate at 1140 m/s and 845 m/s respectively and reflect from the bottom edge of 
the pole. L(0,1) bottom edge reflection acquires a significantly low amplitude in the damaged 
signal due to the location of the damage between the MFC sensor and the pole’s edge. Each of 
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the two longitudinal modes reflect from the damage and arrive at around 3E-3 and 3.65E-3 
second. The arrival of L(0,1) damage reflection coincides with the reflection of F(1,2) from the 
pole’s edge, where the amplitude of the packet in the damaged signal is slightly higher. The 
damage can still be localized accurately using mode L(0,1). Also, the arrival of L(0,2)’s damage 
reflection can be indicated which coincides with the arrival of knot reflection of L(0,1) present at 
1.2 meters from the actuator and can be used for the localization process. The acquired signals 
from the traction free boundary condition showed similar results as the embedded. The amplitude 
of reflecting packet from the damage is higher for mode L(0,1) in the traction free condition, 
which might be due to the timber – soil interface at the damage location. 
 

  

  

Fig. 9 Experimental results: decomposed signal after CEEMD (IMF 2) for embedded 
sound/damaged using single MFC actuation at 12.5 kHz. 

The single MFC actuation could provide enough information regarding the presence of decay 
or damage inside the timber specimen. The reflected packets from the damage were identified 
successfully in both traction free and embedded boundary conditions. However, multiple MFC 
actuation might not be suitable for damage identification, especially if the damage is located 
axially along a certain face of the timber pole. For instance, the induced damage in the tested 
pole lied axially on the same straight line as the MFCs in the single actuation configuration. 
Therefore, actuating the 4 or 8-ring could prevent the damage reflection to be properly acquired 
from the sensor. This was depicted numerically and experimentally where the MFC ring was 
actuated in the damaged condition and compared to the results of the sound specimen.  

The results of the damaged timber pole show that the ring actuation has negative effects on 
damage localization. Fig. 10 show the decomposed (IMF1) numerical signals in the embedded 
model using 4 and 8 MFC ring actuation. The acquired results show that there is a negligible 
difference between the sound and damaged timber specimens. Reflection of longitudinal modes 
L(0,1) and L(0,2) from the damage are not captured as the single actuation shown earlier, where 
the expected time of arrival does not show any packet. This is depicted in the decomposed 
signals after CEEMD (IMF 1) shown in Fig. 10 (a-b) . In the traction free model, actuating 4 and 
8 MFCs lead to similar results as the embedded boundary conditions. No reflections from the 
damage were acquired where they do not appear in the signal, even after applying CEEMD. 
However, the reflections of L(0,1) and L(0,2) from the bottom edge of the pole were successfully 
captured and are identified on the figures in both MFC ring actuations. 
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(a) (b) 
Fig. 10 Numerical results (decomposed signals after CEEMD (IMF 1)): Embedded sound (solid 
line) and damaged (dashed line) using (a) 4 ring MFC actuation at 12.5 kHz and (a) 8 ring MFC 

actuation at 12.5 kHz. 
In the experimental results, the MFC ring actuation also caused the reflections from the 

damage to be less exposed. No major difference was determined between the sound and damage 
timber specimens, even after performing CEEMD.   
Length Estimation and Damage Localization 
The estimation of embedment length and damage location can be performed using the resulting 
reflected packets of a selected wave mode. From the propagation velocity and arrival time of the 
reflections, the total propagation distance can be calculated. Fig. 11 shows a top view sketch of 
the pole used in the numerical and experimental validation. The reflecting packets from the 
bottom edge of the pole can provide an estimation of the distance between the edge and the MFC 
sensor. As for locating the damage, the reflections resulted can be used to estimate the distance 
between the damage and the MFC sensor. The actual distance between the MFC sensor and 
bottom edge of the pole is 1.5 meters, and between the sensor and center of the damage is 79 cm. 
These values are a reference used for calculating the distance estimation error. 

 
Fig. 11 Top view sketch of the pole specimen displaying the embedded and damage distances to 

be estimated. 
The below equation (Eq. 1) is used to estimate the distance between the MFC sensor and the 

bottom edge, and the center of the damage. V is the propagation velocity of the wave mode 
selected. ∆𝑡𝑡 is the time difference between the first arrival of the selected mode, and the second 
arrival resulting from the reflection. This reflection could be either from the damage or the 
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bottom edge of the pole. The total distance (in meters) indicates the propagation distance covered 
by the wave and must be divided by 2. 

 𝑑𝑑 = 𝑉𝑉×∆𝑡𝑡
2

                                                                                                                                              (1) 

Several wave modes can be selected to estimate the distances required, which were shown in 
the results section at 12.5 kHz frequency. However, not all modes can be used due to their 
complexity and dispersive nature. Longitudinal wave modes can be found in almost all cases, 
whether in sound/damaged timber or in multiple MFC (ring) actuation where they acquire an 
enhanced amplitude. Therefore, they can be used for distance estimation.  

The distance between the MFC sensor and bottom edge of the pole, which corresponds to the 
embedment length of the pole, was determined using data from longitudinal mode L(0,1). This 
mode was selected due to its consistency in all experiments and least dispersive nature, in 
addition to the amplitude it acquires, which is higher than any other mode in the signal. Table 2 
displays the bottom edge distance estimation using the numerical results for  8-ring MFC 
actuation at 12.5 kHz excitation frequency The presence of damage in all actuation 
configurations causes the reflection amplitude from the bottom edge to be lower than the sound 
timber pole.  

 
Table 2 Numerical results: Bottom edge distance estimation using mode L(0,1) for 8-ring MFC 

actuation. 

Actuation Boundary 
condition 

1starrival 
time (s) 

2ndarrival 
time (s) 

Reflection 
amplitude 

(mV) 

Velocity 
(m/s) 

Estimated 
distance 

(m) 

Error 
(%) 

8-
R

in
g 

Traction 
Free 

Sound 
0.001023 0.004198 45.3 972 1.543 2.79 

Embedded 
Sound 0.001023 0.004193 40.2 972 1.541 2.64 

Traction 
Free 

Damaged 
0.001023 0.004198 35.6 972 1.543 2.79 

Embedded 
Damaged 0.001023 0.004195 37.3 972 1.542 2.7 

 

Table 3 displays the bottom edge distance estimation using the experimental results for 8-ring 
MFC actuation. The application of MFC ring actuation causes the reflection amplitude of L(0,1) 
to increase compared to the single MFC actuation. Also, in the traction free damaged timber 
pole, the single actuation was not enough for the edge reflection to appear which resulted in a 
missing packet around 4E-3 seconds. In the embedded damaged pole, single actuation, the 
reflection from the bottom edge of the pole was captured but at a lower amplitude than the sound 
timber specimen. The missing packet in the damaged condition does not appear in the 4 and 8-
ring MFC actuation, where the distance is estimated normally. 
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Table 3 Experimental results: Bottom edge distance estimation using mode L(0,1) for single, 4-
ring and 8-ring MFC actuation. 

Actuation Boundary 
condition 

1starrival 
time (s) 

2ndarrival 
time (s) 

Reflection 
amplitude 

(mV) 

Velocity 
(m/s) 

Estimated 
distance 

(m) 

Error 
(%) 

8-
R

in
g 

Traction 
Free 

Sound 
0.00151 0.004326 0.1253 1044 1.47 2 

Embedded 
Sound 0.00151 0.004332 0.121 1044 1.473 1.79 

Traction 
Free 

Damaged 
0.00151 0.004316 0.064 1044 1.465 2.35 

Embedded 
Damaged 0.00151 0.004352 0.11 1044 1.4835 1.1 

 

Determining the location of the damage was performed using longitudinal mode L(0,1) for the 
single MFC actuation. Table 4 shows the damage location estimation using the numerical results 
acquired.  

Table 4 Numerical results: Damage localization using mode L(0,1) for single MFC actuation. 

Actuation Boundary 
condition 

1starrival 
time (s) 

2ndarrival 
time (s) 

Reflection 
amplitude 

(mV) 

Velocity 
(m/s) 

Estimated 
distance 

(m) 

Error 
(%) 

Si
ng

le
 

Traction 
Free 

Damaged 
0.001018 0.00266 3.107 979 0.804 1.71 

Embedded 
Damaged 0.001018 0.002673 2.83 979 0.81 2.48 

 

Estimating the damage location using the experimental results is shown in Table 5 for the 
single MFC actuation. In the 4-ring actuation – traction free condition, the reflecting packet from 
the damage was identified but with a higher error of 7.8 %. It does not appear in the 4-ring – 
embedded boundary condition, nor in any of the 8-ring MFC actuations.  

 
Table 5 Experimental results: Damage localization using mode L(0,1) for single MFC actuation. 

Actuation Boundary 
condition 

1starrival 
time (s) 

2ndarrival 
time (s) 

Reflection 
amplitude 

(mV) 

Velocity 
(m/s) 

Estimated 
distance 

(m) 

Error 
(%) 

Si
ng

le
 

Traction 
Free 

Damaged 
0.001446 0.002928 0.42 1140 0.845 6.48 

Embedded 
Damaged 0.001446 0.002928 0.22 1140 0.8245 6.48 

 

It was mentioned in the Effect of Damage Induction section that reflections from other modes 
were captured and might predict accurately the location of the damage. For instance, in some 
cases, longitudinal mode L(0,2) appears to reflect from the damage. In the experimental single 
MFC actuation – embedded condition, reflection of L(0,2) from the damage arrives at 3.7E-3 
seconds providing a damage location estimation with 0.886 % error. This mode does not appear 
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in the 4 and 8-ring MFC actuation experimental results. However, in the numerical results, the 
damage reflections of mode L(0,2) were acquired in the 8-ring MFC actuation. The damage 
location was estimated in the traction free and embedded boundary conditions with a 2.75 % 
error. In addition, damage reflections of flexural modes F(1,1) and F(1,2) were also captured in 
the single MFC actuation from the numerical results in both boundary conditions simulated. The 
location of the damage estimated using F(1,1) and F(1,1) resulted in an error of 8.8 % and 5 % 
respectively. This indicates how the flexural modes are much more complicated than 
longitudinal modes, due to their highly dispersive nature, which results in inaccuracy when 
estimating the location of the damage. Assesing the presence of decay/damage in the timber 
structure proved to be more adequate using the single MFC actuation. Therefore, it is proposed 
to actuate each MFC in the ring solely at a time, while acquiring the signals on the same plane of 
actuation. This requires the installment of a sensor ring with the same number of MFCs as the 
actuator ring.  
Conclusions 
In this study, the embedded length of timber utility pole and the presence of damage/decay in the 
embedded section were scrutinized numerically and experimentally by the use of guided waves 
(GWs). Macro Fiber Composites (MFCs) proved to be a convenient tool for generating/sensing 
GWs in timber structures, especially due to their reliability and flexibility to be coupled on 
curved and rough surfaces. Evaluating the structure’s health state was performed with the 
variation of external boundary conditions, such as soil embedment, and the application of an 
MFC ring coupled around the pole’s circumference. The ring ensured the actuation of the wave 
modes of interest, such as longitudinal mode L(0,1), with an enhanced amplitude and was 
recommended for estimating the embedded depth of the pole. The estimation yielded an accuracy 
of 97 % in both numerical and experimental results, even with the presence of damage in the 
timber structure. Determining the location of the damage in the embedded section was performed 
using the single MFC actuation and data from mode L(0,1) with an error of less than 7 %.  
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Abstract. Oil and water transport pipeline systems are susceptible to damage due to harsh 
environmental conditions and operational factors, hence ongoing maintenance and inspection are 
required. The development of a continuous and reliable monitoring technique will ensure the 
safety usage of these structures and assist in the extension of their life span.  In this study, the 
monitoring and assessment of pipelines are performed using a network of Fiber Bragg Grating 
(FBG) sensors mounted along the longitudinal and circumferential directions. The sensitivity of 
the measurements to assess pressure and flow variation in the pipe, in addition to leakage 
detection and localization were evaluated. Water at a controlled pressure and flowrate was 
pumped into the designed six-meter pipe testbed designed for this purpose. Leakage was 
simulated by opening one of the four designated valves installed on the pipe. The variation in the 
pressure inside the pipe highly impacted the amplitude of the measured strain increasing it 
significantly reaching 20%. An increase in flowrate had an inverse effect, it resulted in a 5% 
decrease in the amplitude of the measured strain drop. The change of hole leakage size greatly 
influenced the measured signal, resulting in a 55% change in amplitude between a 2 cm2 and a 5 
cm2 hole leakage. For the location of leakage, only the temporal aspects of the signal were 
affected resulting in a slight shift in the response time of sensors relative to each other. The 
results were promising to monitor the structural conditions related to leakage detection and 
localization, based on the patterns observed.  
Introduction 
Pipeline systems are remarkable for their practicality, efficiency, and cost-effectiveness in 
transporting big quantities of dangerous substances [1], in particular, crude oil and petroleum 
products [2], when compared with other modes of transport. These pipeline systems can be used 
for short distances (within refineries or between neighboring installations), and over long 
distances. Oil and gas products from hundreds of thousands of wells, from which, many are 
located in remote and hostile areas, are transported through pipelines [3]. 

The large scale and deployment location of pipeline networks make this transportation 
method susceptible to various types of failures. These failures may not only cause product loss, 
but also environmental damages and hazards and potential threats to life [4, 5]. Pipeline failures, 
depending on their location and the nature of the transported substance, can have many negative 
effects on the economy, the environment, and health. Given the immense scale of the pipeline 
networks and the severity of possible leakage repercussions, the structural health monitoring 
(SHM) of pipelines is a challenging yet necessary task. The methods developed over the years 
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are strictly non-destructive as they must be applied to installed and running pipelines. Several 
methods have been developed for this purpose [6].  

The monitoring of pipeline networks can be performed through externally mounted sensors to 
detect pipe leakages. These methods are called sensor-based methods. They include the negative 
pressure wave methods, ultrasonic methods, eddy current, electromagnetic flux, and others [7]. 
Their main advantages are the quantification of the problem as well as their application without 
the interruption of the normal pipeline operation. [8-10].  

Methods based on intelligent pigging have also been developed for the inspection of pipeline 
systems [11]. These methods are particularly useful at detecting and localizing change in wall 
thickness. However, pipeline operation may need to be disturbed to perform the tests, further the 
monitoring process is not continuous [12]. 

Other less common pipeline inspection methods are also available. The single measurement 
analysis method for instance is used for the monitoring of small-scale pipelines (factory-scale). 
These methods work by monitoring flow conditions at a single point in the pipeline network [13]. 
Another inspection method is the uncompensated volume balance method in which the sum of 
flows entering the pipeline and the sum of flows exiting it are compared. If a noticeably large 
difference is observed, it can indicate a leak in the network [14]. Finally, model-based leakage 
detection methods [15, 16] in which a model of the pipeline under-study is simulated can be used 
for inspecting the pipeline. Flow properties at certain locations in the network are then compared 
to the flow properties in the same locations of the simulated network. This method needs highly 
accurate inputs and a computer capable of delivering good results in a reasonable amount of 
time. 

Among the above-listed methods, the most effective leakage localization methods in a pipe 
during normal operation are the ones with externally mounted sensors. Two of these methods are 
particularly effective, the negative pressure wave method (NPW) and the temperature-based 
methods. 

NPW methods are concerned with the negative pressure wave that is generated when a pipe 
starts leaking fluid (change in pressure). This negative pressure wave travels through the fluid in 
the pipe to neighboring pressure sensors that pick up this change in the operational condition [10]. 
The leakage is then localized using the time difference for the negative pressure wave to reach 
the two sensors upstream and downstream of the leak location. On the other hand, the 
temperature-based methods are based on monitoring the temperature of the medium surrounding 
the pipe. Even though these methods can generally give better outcomes and higher precision 
than NPW methods, they are subject to noise and errors caused by weather abnormalities or 
third-party intrusions [17].  

In this paper, the operational and structural condition assessment of steel pipes using a sensor 
network of fiber optic Fiber Bragg Grating (FBG) sensors has been investigated. fiber optic 
sensors (FOS) was chosen for this application due to its superb capability to provide 
measurements over long distances. The main aims are to investigate the efficacy of using FBG 
strain sensors in the structural health and operational condition monitoring of pipelines and 
develop a good understanding of the effect of flow conditions and leakage on the surface strain 
in pipelines. 
Methodology 
This section describes the developed methodology used in this study. The design of the testbed, 
and the tested scenarios.  
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Experimental approach 
Experiments were conducted by recording the strain data of the FBG sensors mounted on the 
surface of the pipe in multiple scenarios with different pressures, flow rates, leakage locations, 
and hole leakage sizes. The main concern was to replicate possible leakage scenarios in actual 
transportation pipelines. All collected data was gathered from the interrogation of the FBG 
sensors. By attaching the fibers directly to the pipe’s surface, the measured fiber strain and its 
variation were expected to reflect the properties of the flow inside the pipe. Performing tests 
under different flow and leakage conditions help determine the effects that these parameters have 
on the output signals By comparing the signals obtained in various scenarios (by changing one 
parameter at a time), it was possible to observe the effects that a specific parameter had on the 
readings. 
 
Experimental Set-Up 
A testbed was specifically designed to demonstrate the feasibility of the application of FBG 
sensors in monitoring the operational and structural conditions of the pipelines. The testbed 
consists of a 5.95-m-long, black steel pipe with a nominal diameter of 10” (250 mm) and a 
thickness of 5 mm. The full experimental set-up is shown in Figure 1. 
Six holes with different purposes were drilled into the pipe in the radial direction on the pipe. 
Two holes served as the inlet and exhaust of fluid through the pipe, while the others were used to 
simulate leakage. All necessary connections were established using 1-inch (25 mm) nominal 
diameter pipes, elbows, and T connections.  

As for the instrumentation, two different types of sensors were used in the set-up; these were 
supplied by Micron Optics. The sensors placed in the longitudinal direction were temperature-
compensated FBG strain sensors (os3155) that were spot welded on the pipe. The sensors 
mounted in the circumferential direction were optical strain gages (os3100) that were epoxied to 
the pipe. The six mounted sensors were named S1 through S6, starting from the sensor closest to 
the pipe’s inlet. Sensors S1, S3, S4, and S6 were mounted in the longitudinal direction, whereas 
sensors S2 and S5 were mounted in the circumferential direction. 
 

 
 

Figure 1: Detailed layout of the testbed and sensor positions. 
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Experiments were performed using 3 different pressures (60, 80, and 100 kPa), 3 different 
flow rates (10, 15, and 20 GPM), 4 leakage locations, and 2 leakage hole sizes. A single data 
point contains 60-second readings of all 6 sensors with a single leakage valve opened at the 30-
second mark. Initially collected data contained high noise (signal to noise ratio (SNR) ranged 
between 1.85 and 10.23) which required filtering. The data was processed and underwent a 
lowpass filtering with a factor of 10-5 and a moving mean filter with a 400 ms range. The signals 
were then zeroed and trimmed down to 15 seconds to eliminate the redundancy. 
Results and Analysis 
Signals generated under different flow and leakage conditions can contain traits or patterns that 
reflect those conditions. To show these patterns, each flow or leakage parameter can be isolated 
and analyzed separately. This can be done by fixing three parameters, varying the fourth 
remaining one, and observing changes in the signals. Due to the trimming of the data, leakage in 
subsequent figures is simulated at t=5 seconds. In this section, data from sensors S1 and S2 are 
presented. The choice was made to include the sensor with the highest gain for each mounting 
direction (S1 is mounted in the longitudinal direction and S2 is mounted in the circumferential 
direction). However, any sensor combination will yield the same results. Figure 2 and Figure 3 
show a plot of the strain variations of S1 and S2 in μϵ against time in seconds. 

 
Figure 2:Strain curves with a variation of pressure and flow rate for a small leakage size with 

leakage simulated at location L1. 
Figure 2 shows the surface strain variation measured by sensors S1 and S2 for varying pressures 
and flow rates. The location of the leakage (L1) and the size of the leakage (small) remain 
unchanged. Looking at three consecutive plots from top to bottom reveals that increasing the 
flow rate results in a smaller strain drop at any given pressure. A change in flowrate from 10 to 
15 GPM (50% increase) causes on average a 4% decrease in strain drop and a change from 15 to 
20 GPM (33% increase) causes a 10% decrease in strain drop. Both circumferential and 
longitudinal sensors experience the same changes in this scenario. Looking at three consecutive 
plots from left to right reveals the effect of changing the initial pipe pressure on the signals. An 
increase in pressure from 60 to 80 kPa (33% increase) causes the amplitude of the strain drop to 
increase by 31 % for the longitudinally placed sensor and 18% for the circumferentially placed 
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sensor. Changing the initial pressure from 80 to 100 kPa (25% increase) results in a lass 
pronounced change in strain drop amplitude of 13.5% for both sensors. 

 
Figure 3: Strain curves with a variation of pressure and flow rate for a large leakage size with 

leakage simulated at location L1. 
When looking at the same variations with a large leakage hole, strain drop amplitude changes 
vary slightly(Figure 3). A jump in flowrate from 10 to 15 GPM yields a 7 % decrease in strain 
drop for both sensors and a jump from 15 to 20 GPM yields a 7% decrease in strain drop. 
Changes in pressure, in this case, are also more noticeable with a 28 % increase in strain drop 
between a 60 and an 80 kPa pressure, and an 18% drop amplitude increase between 80 and 100 
kPa. A larger leakage creates a larger strain drop in all observed cases. A 50 % increase in strain 
drop on average is observed between data recorded with a small leakage and data recorded with a 
large leakage. This increase is consistent with an initial flow rate or pressure. 

These observed patterns can be used to determine the flow properties and leakage size at the 
time of leakage which can help determine possible causes of leakage approximate the extent of 
damages. However, some signal patterns overlap (i.e. the effects that having a high pressure or a 
low flowrate have on the signals are similar). Circumferentially placed sensors have a higher 
gain which reduces the amount of information in the data lost to denoising. But longitudinally 
placed sensors show a higher sensitivity to changes in flow conditions. 

The variation in the location of the leakage did not have any effect on the amplitude of the 
strain drop. However, it does influence the temporal aspect of the strain curve of the sensors. The 
time it took each sensor to reach the final steady strain state was slightly increased the farther 
that sensor was located from the leakage location. This delay is visible in the gap between the 
time it takes S1 and S2 to reach S1’s steady-state strain value. This gap is highlighted in Figure 
4. 

The time difference between the two intercepts appears to increase the more distant the 
leakage location is relative to the sensor’s position. With few exceptions, this pattern holds for 
different flow rates, pressures, and leakage sizes. The time differences for different flow and 
leakage scenarios are shown in Table 1. 
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Figure 4: Time gap between the intercepts of S1 and S2 at leakage locations a) L1, b) L2, c) L3, 

and d) L4 at a pressure of 100 kPa and a flow rate of 10 GPM. 
Table 1: Intercept times and time differences for sensors 1 and 2 recorded for different leakage 

scenarios. 

Time intercepts for pressure variations at 15 GPM at leakage location L1 with a small leakage size 
 The intercept of sensor 1 (s) The intercept of sensor 2 (s) Time difference (s) 

L1 7.525 6.104 1.421 
L2 8.029 6.296 1.733 
L3 8.552 6.374 2.178 
L4 8.544 6.564 1.980 

Time intercepts for pressure variations at 15 GPM at leakage location L4 with a small leakage size 
 The intercept of sensor 1 (s) The intercept of sensor 2 (s) Time difference (s) 

L1 7.626 6.381 1.245 
L2 7.547 6.212 1.335 
L3 7.939 6.468 1.471 
L4 8.152 6.552 1.600 

Time intercepts for pressure variations at 15 GPM at leakage location L1 with a large leakage size 
 The intercept of sensor 1 (s) The intercept of sensor 2 (s) Time difference (s) 

L1 8.147 6.775 1.372 
L2 9.133 7.118 2.015 
L3 9.118 6.775 2.343 
L4 9.327 6.992 2.335 

Time intercepts for pressure variations at 15 GPM at leakage location L4 with a large leakage size 
 The intercept of sensor 1 (s) The intercept of sensor 2 (s) Time difference (s) 

L1 8.091 6.520 1.571 
L2 9.284 6.675 2.609 
L3 9.843 6.690 3.153 
L4 9.081 6.497 2.584 
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The changes in surface strain measured in this study can be compared to the results reported 
in previous studies. For instance, tests performed at a pressure of 120 kPa (120 kPa) yielded a 
change of 5 to 6 μϵ on the surface of the pipe [18]. Other tests performed at a much higher 
pressure of 1.2 MPa inflicted 90–120 μϵ on the surface of the pipe [19]. These tests were both 
performed on sections of pipe similar to the one used in this work. Oil transportation pipelines 
typically operate at much higher pressures than those used in the testbed in this study [20], and 
hence, at much higher hoop stress. Therefore, in the presence of leakage, these high pressures 
will increase the observed strain drops due to the higher-pressure amplitude of the NPW, 
guaranteeing a higher SNR and more easily observable and clear strain drop/ patterns. 
Conclusions  
In this work, it is clear that pipeline leakages that occur under different operational conditions 
generate different amounts and variations in the strain patterns on the surface of the pipe. In all 
the tested scenarios, leakage always resulted in a drop of the strain measured on the surface of 
the pipe. The amplitude of that drop increased with an increase in pressure, a decrease in flow 
rate, and an increase in leakage size. The location of the leakage, however, had no effect on the 
amplitude of that drop but rather on the shape of the signals measured. 
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Abstract. The Guided Wave (GW) based Structural Health Monitoring (SHM) method is of 
significant research interest because of its wide monitoring range and high sensitivity. However, 
there are still many challenges in real engineering applications due to complex time-varying 
conditions, such as changes in temperature and humidity, random dynamic loads, and structural 
boundary conditions. In this paper, a Gaussian Mixture Model (GMM) is adopted to deal with 
these problems. Multi-dimensional GMM (MDGMM) is proposed to model the probability 
distribution of GW features under time-varying conditions. Furthermore, to measure the 
migration degree of MDGMM to reveal the crack propagation, research on migration indexes of 
the probability model is carried out. Finally, the validation in an aircraft fatigue test shows a 
good performance of the MDGMM. 
Introduction 
Structural Health Monitoring (SHM) technology has been gradually developed from basic 
theoretical research in the laboratory to practical aircraft engineering validations and applications 

[1,2]. The Guided Wave (GW) based SHM method has been widely studied due to its wide 
monitoring range and being sensitive to various types of small damage[3]. However, the real in-
service conditions of aircraft structure are very complex, with many time-varying factors such as 
environmental temperature and humidity, random dynamic load and vibration, changing 
structural boundary condition, noise, and possibly others. The problem of reliable damage 
evaluation under time-varying conditions has become one of the main obstacles for applying 
SHM technology to real aircraft structures. These time-varying factors introduce uncertainty 
effects on GW signal features, leading to lower reliability and stability of SHM techniques in 
engineering applications. 

In recent years, SHM methods based on probability and statistics are gradually studied to deal 
with the time-varying problem[4]. As an effective probability and statistics tool for characterizing 
uncertainties of GW signals, the Gaussian mixture model (GMM) has been gradually adopted for 
damage diagnosis of aerospace structure. Tschöpe and Wolff [5] studied the basic GMM for 
damage degree classification on simple plate-like structures. However, they did not consider 
time-varying conditions. Banerjee et al. [6] adopted GMM to classify the crack length of a plate-
like repaired composite specimen. The sudden change of the environmental temperature was 
considered as a time-varying factor in the validation of this method but it is a simple situation. 
Yuan and Qiu et al. [7] proposed an enhanced dynamic GMM–based damage monitoring method 
considering the ordinary expectation-maximization algorithm can easily lead to a local optimal 
solution and a singular solution. The method was validated using the case of hole-edge crack 
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monitoring of an aluminum plate and a real aircraft wing spar. All the research mentioned above 
has proved the potential to apply the GMM to solve the time-varying problem. However, deep 
research is still needed to be performed concerning the GMM for damage evaluation of real 
aircraft structures under time-varying conditions. 

In this article, a Multi-Dimensional GMM(MDGMM) based damage monitoring method is 
proposed to deal with the uncertainties caused by time-varying conditions under the complex real 
in-service environment of an aircraft structure. MDGMM is proposed to model the probability 
distribution of the GW features under time-varying conditions. Furthermore, to measure the 
migration degree of MDGMM to reveal the damage propagation, the research on migration 
indexes (MI) of the probability mixture model is also carried out. Finally, validations in an 
aircraft fatigue test are presented which show a good performance of the MDGMM. 
Aircraft fatigue test and GW signals 
Setup of the aircraft fatigue test 
The monitoring hotspot is located on the inner surface of the aircraft tail. Through visual 
inspection, the crack continues to grow during the whole aircraft fatigue test. During the different 
experimental days, the temperature range is 6.8℃ to 14.7℃. 

A five-cycle sine burst modulated by the Hanning window with the central frequency of 150 
kHz is used as the GW excitation signal. The fatigue test lasts 21 days and GW signals are 
collected during application of the dynamic load. Typical GW signals are shown in Fig. 1. 
Considering that the crack propagation path is near the direct propagation path of the GW, the 
direct wave is the main signal segment for crack propagation monitoring. Thus, the length of the 
signal segment which is adopted to monitor the crack propagation is from 0.75×10-4s to 1.0×10-

4s. 

 
Figure 1. GW signals acquired under time-varying condition 

GW feature extraction 
For crack propagation monitoring by only one GW pitch-catch channel, a damage index (DI) can 
be used. This DI is used to measure the difference between the monitoring GW signal and the 
baseline GW signal. In this paper, multi-dimensional DIs are selected to represent the damage 
information of the structure. DI1 is the time-domain cross-correlation. DI2 is the spectrum 
magnitude difference and DI3 is the normalized correlation moment[8].  

The DIs during the fatigue test are shown in Fig.2. In conventional DI based SHM methods, a 
DI threshold is often predefined. When the value of the DI exceeds the threshold, a damage is 
assumed to have occurred. However, the variation of GW features introduced by time-varying 
conditions is random and complex. The evaluation of crack propagation is also difficult to be 
realized based on the results shown in Fig.2. 

Crosstalk 

Direct Wave 



Structural Health Monitoring  Materials Research Forum LLC 
Materials Research Proceedings 18 (2021) 154-160  https://doi.org/10.21741/9781644901311-18 

 

 

 156 

 
Figure 2. DIs under the dynamic load 

GW-MDGMM based damage evaluation method 
Damage monitoring principle of the MDGMM 
The GW signals acquired under time-varying conditions can be considered as a mixture of 
uncertain changes. Consequently, the GW feature can be considered as a random variable. Let 
X= [X1, X2, … Xk, …, XK] be a GW feature sample set composed by K features that are obtained 
from K GW signals. Xk denotes a d-dimensional GW feature in the sample set, where Xk = [DI1, 
DI2, ..., DId] T and k=1, 2, ... K. When a monitored structure is in the healthy state, the GW 
feature sample set only contains the uncertain influence introduced by time-varying conditions. 
Under this situation, the feature sample set can be regarded as a GW baseline feature sample set. 

Assuming that X follows a finite mixed distribution, the mixture probability distribution ξ(X) 
can be approximately modeled by a Gaussian mixture model (GMM). The GMM is expressed as 
Eq. 1. 
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Where C is the number of Gaussian components, i=1,2,…,C. An important step is to 
determine the number of Gaussian components before modeling. wi is the mixture weight of the 
ith Gaussian component. μi and Σi are the mean and the covariance matrix of the ith Gaussian 
component. The probability density function of each Gaussian component is a multi-dimensional 
(d-dimensional) Gaussian function which is expressed as Eq. 2. 
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The expectation-maximization (E-M) algorithm is often used to construct the MDGMM [7]. 
First, the initial value of μi, Σi, and wi can be obtained by the k-means clustering algorithm. 
Second, the E-step and the M-step are performed iteratively to obtain the optimized μi, Σi, and wi.  
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On-line migration measuring of the MDGMM 
The migration measuring result between the on-line monitoring MDGMM and the baseline 
MDGMM is defined as migration index (MI). Accompanying the damage propagation, two 
GMMs will be separated gradually. In this paper, Euclidean distance [9] (E-distance), 
Mahalanobis distance[10] (M-distance), Bhattacharyya distance[11] (B-distance), and KL 
divergence[12] are studied. 

The Euclidean distance based model migration index can be calculated by Eq. 3. 

( ) ( )( ) ( ) ( )( ) ( ) ( )( )0 0 0i j

T

i j i jd n n nξ ξ = − −μ μ μ μ   (3) 

The Mahalanobis distance based model migration index can be calculated by Eq. 4. 
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The Bhattacharyya distance based model migration index can be calculated by Eq. 5. 
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The K-L divergence based model migration index can be calculated by Eq. 6. 
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Where μi(0), Σi(0), and wi(0) are the mean, the covariance matrix, and the mixture weight of 
the i-th Gaussian component of ξ(0), respectively. μj(n), Σj(n), and wj(n) are the mean, the 
covariance matrix, and the mixture weight of the j-th Gaussian component of ξ(n), respectively. 
tr[·] is the matrix trace. 

Also, Eq. 7 is the result of considering the difference of the mixture weight between two 
Gaussian components. 

( ) ( )( ) ( ) ( )( ) ( )
( )

0
1

1
min ln

0
0 0

K
iK

ij i
i

i j j
j

w
w d

w
D n n

n
ξ ξ ξ ξ=

=

 
= +  

 
∑   (7) 

The MDGMM based damage evaluation process 
When a new GW feature is obtained during an on-line damage monitoring process, a migration 
method can be adopted to rebuild the MDGMM. Once the on-line migrated MDGMM is 
obtained, the measuring methods are adopted to determine the crack occurrence.  
 
Crack propagation monitoring based on the GW-MDGMM 
The first 50 GW features that are obtained from 50 GW signals are used as a GW baseline 
sample set to construct a baseline MDGMM in the first part shown in Fig.3(a). All GW features 
are input one by one to calculate the MI. The number of Gaussian components is set to be 3 to 
cover the GW feature sample set. The baseline MDGMM is shown in Fig.3 (a). Based on the 
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migration method, some typical on-line migrated MDGMMs accompanying the crack 
propagation are shown in Fig.3 (b)–(d) respectively. 

 
(a) Baseline MDGMM      (b) On-line MDGMM (Phase 

1) 

 
(c) On-line MDGMM (Phase 2)    (d) On-line MDGMM (Phase 3) 

Figure 3. MDGMM migration process 
The MIs calculated by Eq. 3-6 are displayed in Fig.4. Compared to the DIs shown in Fig.2, 

the four MIs increase gradually and present a cumulative progressive trend that accompanies the 
crack growth under fatigue dynamic load. Therefore, a threshold can be easily defined to 
determine the crack occurrence, and the initial crack propagation can be reliably evaluated 
depending on the cumulative variation trend of the MIs. 

 
Figure 4. Crack propagation monitoring results 

The overall trend of the four MIs is consistent, which indicates that these four distance 
methods can be used to measure the migration of MDGMM to a certain extent. As shown in 
Fig.4, the fluctuation of E-distance is large. After 400 monitoring times, E-distance drops 
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sharply, showing that the reliability and accuracy of E-distance are the lowest. This may be 
because the E-distance only considers the mean difference but ignores the correlation between 
samples. The results show that KL divergence and B-distance are similar in measuring MDGMM 
migration distance. However, the volatility of B-distance is large and its stability is not good. In 
the early stage of damage monitoring, M-distance shows a larger value, which indicates that the 
sensitivity of M-distance is relatively high. In summary, M-distance and KL divergence show 
better performance in migration measuring of MDGMM. 
Conclusion 
An MDGMM based damage monitoring method is proposed in this article to improve crack 
propagation monitoring reliability under time-vary conditions. The monitoring results in an 
aircraft fatigue test show a good performance of the MDGMM. The whole method is a data-
driven based probability and statistics method, with no mechanical models of damage and 
structure needed. 

However, there are several further studies to be performed in the near future. As mentioned 
before, an important step of the GMM is to determine the number of Gaussian components. 
Further research is needed to better determine the number of Gaussian components required. For 
the quantification of damage size, the calculation method of MI must be further improved. The 
environmental influence such as humidity is low in the fatigue test. More aircraft fatigue tests 
will be performed shortly under a more complex time-varying condition. 
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Abstract. Composite T-joints have a critical problem that cracks occur in the deltoid during 
curing because of the cure stress and thermal stress. There are few studies on the behavior of T-
joints during curing, and what is actually occurring in the deltoid is not well understood. In the 
present study, optical fiber was embedded in the deltoid using a new technique to clarify the 
internal state of the deltoid during curing. The embedded optical fiber successfully measured the 
process-induced strain distribution in the deltoid. Based on the experimental results and finite 
element analysis, a failure index for a process-induced failure of deltoid was discussed. An 
energy-based failure index could precisely predict the process-induced failure. 
Introduction 
One of the difficulties in composite structural application is joining components. A T-joint is a 
typical joining component of aircraft structures and composed of two L-shaped parts, a skin 
laminate, and a deltoid, which is filling a gap between other components (Fig. 1). In T-joints, it is 
reported that cracks occur in the deltoid during curing because of the cure stress and thermal 
stress [1]. This is a critical problem because such cracking significantly reduces the mechanical 
performance of T-joints. Although many studies on the behavior of T-joints under mechanical 
loadings have been conducted, studies on the behavior of these joints during curing are very 
limited, and it is not well understood what is actually occurring inside the deltoid. This is 
because, to date, there was no technology to evaluate the stress-strain state of the deltoid 
surrounded by other components during curing. In the present study, strain distribution inside the 
deltoid is measured using a new technique to embed an optical fiber into the deltoid, and the 
stress-strain state of the deltoid during curing is analyzed. Based on the experimental results, 
finite element analysis is conducted and a failure index for a process-induced failure of deltoid is 
discussed.  
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Fig. 1 Schematic of T-joint specimen used for in-situ strain measurement. 

In-Situ Strain Measurement of the Deltoid during Curing 
Distributed-Strain Measurement using an Optical Fiber. Optical fibers are widely used for 
strain measurement of composite materials because of various advantages, such as their small 
diameter and light weight [2]. In this study, strain distribution inside the deltoid was measured 
using an optical distributed sensor interrogator (ODiSI, LUNA Innovations, Inc.). The ODiSI 
uses swept-wavelength coherent interferometry [3]. The measurement principle is shown in Fig. 
2. One of the split light paths is directly incident on the detector, whereas the other light paths is 
incident on the optical fiber and causing Rayleigh scattering. The location of the Rayleigh 
scattering can be determined from the time difference of the two lights. The frequency ν of the 
Rayleigh-scattered light shifts linearly with temperature change (∆T) and axial strain change 
(∆ε); this can be expressed as 

 
   −∆𝜈𝜈

𝜈𝜈
= 𝐾𝐾𝑇𝑇∆𝑇𝑇 + 𝐾𝐾𝜀𝜀∆𝜀𝜀 (1) 

 
where KT and Kε are the coefficients. Therefore, the strain can be calculated from the 

Rayleigh-scattered light frequency by compensating the temperature effect. 
 

Materials and Methods 
A schematic of the specimen is shown in Fig. 1. A unidirectional carbon/epoxy prepreg sheet 
(T800S/3900-2B; Toray Industries, Inc.) was used in this study. This prepreg has been 
implemented in primary composite structures of Boeing 787, and has an interlaminar toughened 
layer to improve the interlaminar fracture toughness and impact resistance. This layer is 
composed of thermoplastic particles that are dispersed across the prepreg surface. The stacking 
sequence was [02/902]2S (thickness: 3.2 mm) in the L-shaped parts, and [02/902]2S3 (thickness: 9.6 
mm) in the skin laminate. The carbon fibers were oriented in the 90° direction. Since it has been 
reported that materials with interlaminar toughened layers possess different transverse properties 
in the parallel direction and in the orthogonal direction to the toughened layer [4], three types of 
deltoid structures with differently oriented interlaminar toughened layers were prepared to 
investigate the effect of the toughened layer on the process-induced failure as shown in Fig. 1. 
An optical fiber (coating diameter φ = 150 µm) was embedded along the centerline of the deltoid 
in a minimally invasive manner through tiny holes that were machined in the aluminum tool, 
deltoid, and skin. The holes in the deltoid and skin were made by pressing a thin needle (φ = 0.5 
mm) into the stacked prepreg sheets using an ultrasonic horn and a jig to adjust the pressing 
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angle. By using this method, the strain in a closed structure surrounded by tools can be measured 
(Fig. 3). A K-type thermocouple was also embedded to compensate the effect of the temperature 
change. The specimens were cured in the autoclave at 180°C under 0.6 MPa pressurization. The 
Rayleigh-scattered light frequency was measured at 2 mm intervals in the random deltoid and 
horizontally-aligned deltoid specimens, and at 4 mm intervals in the vertically aligned deltoid 
specimen. 

 
Results. Figure 4 shows the local strain development during curing at the bottom of the random 
deltoid specimen. After gelation, the chemical cure shrinkage was measured as the cure reaction 
 

 
Fig. 2 Distributed-strain measurement principle using an ODiSi. 

 
Fig. 3 Assembly and bagging of specimen with optical fiber. 

 

 
Fig. 4 Local strain development during curing at the bottom of the random deltoid specimen. 
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proceeded. In addition, the thermal shrinkage was measured during cooling process. 
Therefore, it was clearly demonstrated that the strain development inside the deltoid can be 
measured by using the proposed technique. The comparison of the strain distribution in the 
deltoid at the room temperature for each specimen is shown in Fig. 5. The horizontal and vertical 
axes represent the amount of strain and the position along the optical fiber path, respectively, 
with 0 mm corresponding the top of the deltoid, and 16 mm corresponding to the bottom of the 
deltoid. In all specimens, small strain was measured in the upper region of the deltoid because 
this region was strongly constrained by the fiber layers of L-shaped parts. The strain increased 
toward the lower part of the deltoid as the constraint in the axial direction of the optical fiber 
weakened. Although similar trends of the strain distribution were measured in all specimens, the 
strain amount was the largest in the horizontally aligned deltoid specimen, and the smallest in the 
vertically aligned deltoid specimen. This is because larger strain occurs in the direction 
orthogonal to the toughened layers than in the direction that is parallel to the toughened layer 
direction as has been demonstrated in previous research [4].  

Because failure did not occur in the specimens that were cured under the test conditions of 
this study, the specimens were cooled at approximately 6°C/min using liquid nitrogen. Deltoid 
failure occurred at -115 °C for the random deltoid specimen, -40 °C for the horizontally aligned 
specimen, and -25 °C for the vertically aligned deltoid specimen. A lateral crack forming in the 
upper region of the deltoid was observed in the random deltoid specimen and the horizontally 
aligned deltoid 

 
Fig. 5 Comparison of process-induced strain distribution in the deltoid for the three types of 

specimens. 
(a)                                                 (b) 

 
Fig. 6 Micrograph of failure surface.  

(a) Horizontally aligned deltoid specimen. (b) Vertically aligned deltoid specimen. 



Structural Health Monitoring  Materials Research Forum LLC 
Materials Research Proceedings 18 (2021) 161-169  https://doi.org/10.21741/9781644901311-19 

 

 

 165 

specimen, and a vertical crack forming in the lower region of the deltoid was observed in the 
vertically aligned deltoid specimen (Fig. 6). 
Discussion on the Process-Induced Failure Index using Finite Element Analysis Supported 
by Strain Measurement 
FEA Methods. FEA was performed using commercial software Abaqus 2017 (Dassault 
Systems, Inc.). Considering the symmetry of the T-joint, only a quarter of the T-joint was 
modeled, and symmetric boundary conditions were set for each plane. The horizontally aligned 
deltoid specimen was modeled, and the chemical cure shrinkage strain and thermal shrinkage 
strain associated with temperatures ranging from the curing temperature (180 °C) to the failure 
temperature (-40 °C) were implemented. In the analysis of the curing stress, an incrementally 
linear elastic (ILE) model [5] was used to account for a modulus development during curing. In 
the ILE model, the process of chemical cure shrinkage was divided into several steps, and the 
corresponding shrinkage strain was implemented as the resin modulus changed after each step. 
The values of the shrinkage strain and the resin modulus at each step were estimated in the 
previous study of our research group [4] using two optical fibers. This technique is described in 
detail in [6]. The material properties of the fiber/resin layer were derived from the estimated 
resin modulus and carbon fiber properties using the self-consistent field micromechanics model 
[5]. Furthermore, the material properties of the entire material, including the interlaminar 
toughened layers, were calculated based on the rule of mixture. Material properties used in the 
analysis are described in Tables 1-2 [4, 7, 8]. The total curing stress was calculated by adding the 
stress generated in each step. A user subroutine UMAT of Abaqus was used for the material 
properties calculations and ILE model calculations. 

 
Table 1. Resin modulus development and corresponding strain values associated with chemical 

cure shrinkage [4]. 

Step 1 2 3 4 5 6 7 8 
Em [MPa] 8.10 23.5 41.6 60.0 83.0 117 158 167 
∆ε [µε] -960 -920 -690 -520 -380 -270 -270 -290 

 
Table 2. Properties of materials used in this study [7, 8]. 

  Carbon fiber Interlaminar 
toughened layer 

Optical fiber 
(Cladding, core) 

Optical fiber 
(Coating) 

Elastic moduli 
[GPa] 

E11 294 4.6 73.1 1.5 
E22 19.5    
G12 27.0    
G23 27.0    

Poisson’s ratio ν12 0.17 0.44 0.16 0.25 
ν23 0.46    
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Fig. 7 Comparison of experimental and simulated strain distribution in the horizontally aligned 

deltoid specimen. 
 

Results. Figure 7 shows a comparison of the experimental and simulated strain distribution in 
the deltoid of the horizontally aligned deltoid specimen. The shapes of the strain distribution 
curves were similar, and the amount of strain measured in the experiment was slightly larger than 
the simulated amount of strain. This is likely because actual deltoids are less constrained than 
their modeled counterparts because of imperfections such as misalignment of the fiber 
orientation. This result confirmed the validity of the simulated result, and the importance of 
acquiring in-situ strain using an optical fiber. Figure 8 shows the comparison of the normal stress 
state in the direction to the upper corner of the deltoid and the actual failure location. Although 
the maximum stress was generated near the corner of the deltoid, process-induced failure 
occurred at a location that was slightly distanced from the corner. 

 
Discussion on the Process-Induced Failure Index. The FEA result implies that the stress-based 
failure index cannot be used to predict the location of the process-induced failure of deltoids. 
Therefore, the use of an energy-based failure index [9, 10] was investigated as a more precise 
index. The energy release rate can be expressed as the amount of work divided by the crack area.  

 
Fig. 8 Comparison of the simulated maximum stress location and actual failure location in the 

horizontally aligned deltoid speimen. 
 

Therefore, when a crack with a unit length occurs in the 90° layer of the cross-ply laminate 
under the constant-stress condition, the energy release rate is expressed as follows: 
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   𝐺𝐺 = 𝐺𝐺𝑐𝑐 = 𝛿𝛿𝑊𝑊0

𝑡𝑡
, (2) 

 
where Gc is the fracture toughness of the material, δW0 is the amount of work required for 

crack initiation (Fig. 9), and t is the thickness of the specimen. When the laminate is divided into 
similar 𝑛𝑛 × 𝑛𝑛 laminates, the stiffness values before and after crack initiation are the same as that 
for the original laminate. Then, the energy release rate can be expressed as follows: 
 
   𝐺𝐺 = 𝐺𝐺𝑐𝑐 = 𝛿𝛿𝑊𝑊

(1𝑛𝑛×𝑛𝑛2)𝑡𝑡
= 𝛿𝛿𝑊𝑊

𝑛𝑛𝑡𝑡
, (3) 

 
where δW is the amount of work associated with the generation of all cracks. Because the 

fracture toughness of the material is constant, 
 
   𝛿𝛿𝛿𝛿 = 𝑛𝑛δ𝛿𝛿0. (4) 
 

According to the similarity law of a triangle, √𝑛𝑛 times stress is required to obtain n times the 
work (Fig. 9). More specifically, when the width of the 90° layer is m times, 1/√𝑚𝑚 times stress 
is required for crack initiation. At the deltoid, the x axis and width of the deltoid a(x) are 
acquired as shown in Fig. 10, and the normal stress required for crack initiation at the width of 
a(x) is σ(x). If the normal stress required for crack initiation at the unit width is σ0, then 
 
   𝜎𝜎(𝑥𝑥) = 1

�𝑎𝑎(𝑥𝑥)
𝜎𝜎0, (5) 

 
where 

 
   �𝑎𝑎(𝑥𝑥)σ(𝑥𝑥) = 𝜎𝜎0 = 𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐𝑐𝑐. (6) 
 

Because the �𝑎𝑎(𝑥𝑥)𝜎𝜎(𝑥𝑥) value required for crack initiation at a certain location in the deltoid 
is constant, a crack occurs at the maximum point of this value. 

 
Fig. 9 Amount of work and applied stress required for crack generation. 
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Fig. 10 X axis and width of 90° layer in the deltoid 

 
(a)                                                                       (b) 

 
Fig. 11 Comparison of energy-based failure index results and actual failure location. 

(a) Horizontally aligned deltoid specimen. (b) Vertically aligned deltoid specimen. 
 

Figure 11(a) shows the comparison of the �𝑎𝑎(𝑥𝑥)𝜎𝜎(𝑥𝑥) values derived from the FEA result and 
the actual failure location in the  horizontally aligned deltoid specimen. The location associated 
with the maximum index value matched well with the failure location in the experiment. The 
same evaluation was conducted for the vertically aligned deltoid specimen and the result was 
shown in Fig. 11(b). In the vertically aligned deltoid specimen, the x axis is taken in the normal 
direction to the lower left corner because the process-induced failure occurred perpendicular to 
this axis. As with the horizontally aligned deltoid specimen, the location associated with the 
maximum index value matched well with the failure location. In addition, the maximum value of 
�𝑎𝑎(𝑥𝑥)𝜎𝜎(𝑥𝑥) was nearly the same for these two specimens, i.e., 4.01 m1/2∙MPa for the horizontally 
aligned deltoid specimen, and 3.97 m1/2∙MPa for the vertically aligned deltoid specimen. These 
results confirm that process-induced failure of the deltoid of a composite T-joint occurs when the 
energy-based requirement is met, and that the effects of the width of the 90° layer should be 
considered for failure prediction. 
Conclusions 
In this study, in-situ strain measurements of the deltoid during curing were conducted using 
optical fibers. The chemical cure shrinkage strain and thermal shrinkage strain within the deltoid 
were successfully measured using proposed optical fiber embedment method. From the 
experiments and FEA supported by the strain measurements with optical fibers, it was confirmed 
that the process-induced failure of the deltoid of a composite T-joint occurs when the energy-
based requirement is met. Based on these results obtained from process monitoring with optical 
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fiber, it will be possible to devise a method to suppress a process-induced failure of a composite 
T-joint. 
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Abstract. This study proposes a nonlinear cable model for the cable-bracing inerter system 
(CBIS). In a CBIS, cables are introduced to connect inerter systems and the structure for 
translation-to-rotation conversion. This CBIS employs an inerter element, a nonlinear cable 
bracing element and an additional damping element to utilize their synergy benefits. This paper 
aims to investigate the control effect of the nonlinear CBIS for high-rise buildings that are 
represented as bending-shear type models. First, a nonlinear inerter system is incorporated into a 
single-degree-of-freedom (SDOF) system and the mechanical model is proposed. An optimum 
design method is then developed for a high-rise building system equipped with a CBIS and the 
time-history analyses are conducted to validate the control effect of the CBIS. It is concluded 
that the employment of a CBIS can substantially improve the structural performance. A genetic 
algorithm can be used to obtain optimal parameters of a CBIS, thereby more effectively reducing 
the dynamic response of high-rise buildings. 
Introduction 
The inerter, a recently introduced mechanical element for structural control, has attracted an 
increasing amount of attention. It has been found to be effective because of their adjustable 
frequency, mass enhancement effect and damping enhancement principles [1,2]. Inerter is a two-
terminal mechanical element [3] which generates a resisting force proportional to the relative 
acceleration between its two terminals. An apparent mass significantly larger than its physical 
one is obtained when the translational motion is converted into rotational one [4,5]. In the 1970s, 
Kawamata [6] developed a type of a fluid inerter designated liquid mass pump, which was a 
pioneering work applying an inerter in the field of civil engineering. In 1999, Arakaki et al. [7] 
used the ball screw mechanism to amplify the efficient output force of a viscous damper for 
suppressing structural vibrations, although the inertance yielded by the device was not used 
intentionally. Inerter systems have been demonstrated to be highly effective in mitigating both 
inter-story drifts and floor accelerations for low-rise and medium-rise buildings. Actually, this 
system is attracting especially for high-rise buildings.  

Bracing systems are usually used in the implementation of the inerter system to convert 
translational movement into rotational one between the structure and the inerter system. In civil 
engineering field, researchers have developed various types bracing configurations [8] among 
which steel braces are the most used but few of them involve cables. However, the advantages of 
cable braces are numerous and incontestable [9]. As the cables are being used only in tension, 
they are much thinner and lighter than most steel braces. Thus, they have negligible inertia and 
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they are particularly suitable for the systems in which great accelerations are applied. 
Furthermore, cables are less expensive than most conventional mechanical components when it 
is long enough and can be an alternative method for connecting inerters with the main structure.  

However, cables involve two important characteristics to be considered seriously when they 
are applied to the high-rise buildings. One is the undesirable buckling in load-carrying elements 
[10]. Another is the unilaterality of actuation imposed by using cables. This unilaterality requires 
an unrestricted space in length. These two characteristics are attributed to the inability of cables 
to bear compression. Combined with compression-resistant materials [11], the effects of 
buckling and limitations of the stroke length can be reduced.  

The previous study [12] has already proposed the mechanical model of the CBIS and the 
optimization design method to minimize the magnitudes of structural displacement responses 
[13]. In this paper, this nonlinear cable model is incorporated into a bending-shear model. First, 
the motion equations of the nonlinear inerter system are derived. Second, the optimal design 
problem to minimize the magnitudes of structural displacement responses is formulated to obtain 
a set of optimal designs for a nonlinear CBIS. Finally, the dynamic time‐history analyses are 
conducted to validate the effectiveness of the CBIS. 
A nonlinear cable bracing inerter system 
Nonlinear model of the cable braces 
A CBIS uses cable braces to connect inerter systems and main structures for translation-to-
rotation conversion. The mechanical system of a CBIS consists of an additional damping 
element, an inerter element and an equivalent cable bracing element. Fig. 1 shows the layout of 
the CBIS and the nonlinear cable hysteresis in which the compressive stiffness of the buckling 
restrainer is several times as large as the tension stiffness. 

 
 

(a) CBIS (b) Nonlinear cable bracing element 
Fig. 1 Mechanical model of the nonlinear CBIS 

In Fig.1a, 𝒎𝒎d and 𝒄𝒄d are the inertance and the damping coefficient of the CBIS. 𝒌𝒌d is the 
equivalent stiffness of the nonlinear cables which is given by Eq. 1: 

 d T d

d d

, 0
, 0C

k k x
k k x
= >

 = <
 (1) 

where 𝑘𝑘T and 𝑘𝑘C are the tension and compressive stiffnesses of the cable bracing element, 
respectively. The output force F generated by the CBIS contains two main parts and can be 
calculated by the following equation: 

 d d d d d d( ) ( ( ) ( )) ( ( ) ( ))F k x t m x t x t c x t x t= = − + −     (2) 
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where 𝒙𝒙(𝒕𝒕) and 𝒙𝒙d(𝒕𝒕) donate the displacement of the primary structure relative to the ground 
and displacement of the cable brace, respectively. Superimposed dots indicate derivatives with 
respect to the time. 
 
An SDOF structure equipped with a nonlinear CBIS 
Fig. 2 shows the analysis model of a CBIS-equipped SDOF structure. According to the force 
equilibrium conditions and the layout of the system, the equation of motion for the controlled 
structure can be represented as: 

 ( ) ( ) ( ) ( )gmx t cx t kx t F mx t+ + + = −    (3) 

where m, c and k denote the mass, damping coefficient and stiffness of the primary structure, 
respectively; �̈�𝑥𝑔𝑔(𝑡𝑡) is the acceleration of ground motion. 

 
Fig. 2 Analytiacl model of a CBIS-equipped SDOF structure 

Optimization design of a CBIS controlled multi-degree-of-freedom (MDOF) structure 
Building model 
We reproduced an analytical model of the Osaka Prefectural Goverment Building at Sakishima, 
Osaka [14] from the published data. This 53-storey building has a height of 256 m. The total 
mass of the building is 78,008 tons, and the characteristics for the analytical model are shown in 
Table 1. The first three natural angular frequencies are 1.257, 3.734 and 6.367 rad/s, 
respectively.  

In high-rise buildings, the bending deformation cannot be ignored and usually the bending 
deformation of the higher layer accounts for the a large proportion (as shown in Fig.3). In the 1st 
mode of this structure, the components of shear deformation and bending deformation are similar 
when the floors are lower than the 43rd floor. The proporation of bending deformation gradually 
increases when the floors are higher than the 43rd floor. In the 2nd and 3rd modes, the bending 
deformation dominates in the floors above the 43rd floor. In Fig.4, bending deformation is the 
same as shear deformation on the top floor. Therefore, the inerter systems are suggested to be 
installed vertically on the top of the building to make full use of the vertical component of the 
bending deformation so that the efficiency of the CBIS can be maximized (as shown in Fig.6). 

Table 1 Fundamental periods of the analytical model 

Mode 1st 2nd 3rd 
Period [s] 5.00 1.68 0.99 

Angular frequency 1.257 3.734 6.367 
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Fig.3 Participation mode vectors of 
theuncontrolled structure 

Fig.4 Ratios of bending 
deformation and shear deformation 

Uncontrolled building 
Considering this 53-storey bending-shear model shown in Fig.5, every storey of this model 
consists of a rotational and shear springs. These two springs are connected in series. Let ksj and 
kbj denote the shear stiffness and bending stiffness, respectively. Similarly, let csj and cbj denote 
the damping coefficient of the dashpots arranged in shear and rotational directions, respectively. 
These two dashpots are also connected in series. The floor mass and its rotational mass moment 
of inertia are denoted by mj and Jj, respectively. 

In this model, every storey has one translational and one rotational degree of freedom. 
Therefore, the total number of DOF should be 106 (53 in translation and 53 in rotation). We 
assume that the damping matrix Cs for the primary structure is proporational to the stiffness 
matrix and the inherent damping of the 1st mode of the structure equals 0.02, Cs can be obtained 
as follows: 

 s s
1 p

2*0.02
ω

=C K  (4) 

where 1 pω  is the first natural angular frequency of the primary structure. The equation of 
motion for the uncontrolled structure can be written as： 

 s s s s s s s s gx  M X + C X + K X = -M Γ  (5) 

where Ms, Cs and Ks are the structural mass, damping and stiffness matrixs of the primary 
structure, respectively. Xs is the structural deformation vector. Гs is a vector with entries equal to 
unity for translation DOFs and zreo for the others. Xs consists of displacements and rotational 
angles defined as: 

 T
s 1 2 1 2[   ...    ...  ]N Nx x x θ θ θ=X  (6) 

where xj and θj are the displacement and rotational angles relative to the ground, respectively. 
The mass matrix Ms is defined as： 
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Fig.5 A bending-shear model Fig.6 Installation location 

 s 1 2 1 2diag[  ...  , ... ]N Nm m m J J J=M  (7) 

The influence coefficient vector Гs is given by  

 T
s [1 1 ... 1  0  0 ...  0]=Γ  (8) 

Building with nonlinear CBIS 
Based on the bending-shear model, the equation of motion for the building model with two 
CBISs under ground motion excitations as illtstrated in Fig.6 is derived as Eq.9.  

 gx  MX + CX + KX = -MΓ  (9) 

where 

T T
s 2 2s d d s d d

T T
2 2 dd d d d

T T
s 1 2 s

, , ,

[ ,  ] , [ ,0 0]

N

N

d dy y

×

×

   + +  
= = =     

    
= =
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− 

 

，M ,C K T =  (11) 

T is an installation matrix, denoting the installation location of the CBIS. Let l be the 
distance from the center of the core to the tips of cables. T transforms the relative displacement 
vector into the inter-story drift vector. 
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Optimization design problem  
A numerical optimization method, genetic algorithm (GA), is used to design the inerter system. 
Because the inerter systems are installed vertically and only the bending deformation of the 
structure can be used, the mode with the largest bending deformation should be considered. As 
shown in Figs.3 and 4, the optimization design target is the 1st mode.  

Herein, the effective inertance-mass ratio μ, supporting spring stiffness ratio κ, and damping 
ratio of an inerter system ξ are defined as: 

 
T T

d d d 1 d 1 d 1 d 1
T

s s s 1 s 1 s r 1 s 1 r

, ,
2 2

T T T T

T T

M K C
M K M

φ φ φ φ φ φµ κ ξ
φ φ φ φ ω φ φω

= = = = = =
T M T T K T T C T
Μ K Μ

 (12) 

The inertance-mass ratio μ is set to 0.1. The optimization design problem can be expressed 
mathematically to purse the optimal solutions: 

find  y = {ξ, κ, γ}  
106

1
to minimize      max( )i

i
x

=
∑ y  

 subject to       
2(1 1 4 )=

2(1 )
µ

κ
γ µ

− −
+

 (13) 

where the subscript i denotes the i-th storey. y is the variable vector containing ξ, κ and 
compression-tension stiffness ratio γ. The sum of the maximum displacement response of the top 
floor is to be minimized. The average of the compressive and tension stiffnesses of cable braces 
is equal to the supporting spring stiffness kd, and the stiffness ratio κ is constrained to the 
optimum stiffness obtained from the fixed point method [17]. Using genetic algorithm, we 
employed an artificial earthquake BCJ-L2 as the input ground motion and obtained a set of 
optimal parameters listed in Table 2. 

Table 2 Optimal design 

μ=0.1 
 κ ξ γ 
Constrained range [0.01,1] [0.01,1] [1,20] 
Optimal parameters 0.231 0.035 1.118 

To verify the optimal parameters of the nonlinear CBIS, dynamic time‐history analyses are 
conducted in the time domain based on the Newmark’s β method (β=1/4) as shown in Fig.7 and 
the vibration reduction effects are listed in Table 3. Note that these results are based on the 
reproduced analytical model and thus they may not accurately represent the performance of the 
building we referred to. 

Table 3 Comparison of structural responses 

 Primary 
structure 

Controlled 
structure 

Reduction effects 
[%] 

Peak RMS Peak RMS Peak RMS 
Inter-story drift angle 1/62 1/165 1/133 1/468 53.38 64.74 

Absolut acceleration [m/s2] 6.87 1.91 5.67 1.27 17.48 33.51 
Displacement [m] 2.12 0.96 0.90 0.33 57.55 65.63 
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(a) Maximum inter-story drift angle (b) RMS inter-story drift angle 

 

(c) Displacement of the 53rd floor 

 

(d) Acceleration of the 53rd floor 
Fig.7 Time history of the 53-storey structure under BCJ-L2 

With the optimal parameters, the displacement responses, the acceleration responses and the 
inter-story drift angles of the primary structure are all well mitigated by the CBIS with 
asymmetric supporting spring stiffness. This means that when the inerter systems are installed 
vertically, we can obtain the effect of suppressing overall bending deformation and shear 
deformation of high-rise buildings.  
Conclusions 
This study proposes a nonlinear cable bracing element which can avoid buckling in tension-only 
cables and thus exploit the damping forces in compression. Dynamic characteristics of a high-
rise building incorporated with a novel asymmetric inerter system are examined. A genetic 
algorithm (GA) was used to determine the parameters of CBISs so as to minimize structural 
displacement responses. Then, the vibration mitigation effect of the CBIS is evaluated under a 
synthetic ground motion BCJ-L2 provided by the Building Center of Japan. The most inportant 
findings are summarized as follows: 
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(1) Genetic algorithm was applied to seismic response analysis of the CBIS-equipped bending-
shear building model. With this method, optimum designs of the CBIS can be obtained to 
minimize the maximum displacement response of the top floor. 

(2) Based on the optimal parameters, the CBIS not only reduces the displacement response and 
the acceleration response but also significantly mitigates the maximum inter-story drift by 
53.38%. 

(3) It is noteworthy to point out that in terms of reducing seismic acceleration responses, the 
control effect is not as good as the displacement responses. One possible reason is that the 
position where the CBISs are placed maybe ineffective for controlling the seismic 
acceleration responses. To pursue better performance, the position optimal design under 
earthquake and multi-modal control should be the next step of research. 
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Abstract. In April 2016, Kumamoto earthquake occurred in Japan and many wooden houses 
collapsed and many lives were lost because of the second and larger main shock. As a result, the 
need for Structural Health Monitoring (SHM) for wooden houses is receiving increased 
attention. In the SHM system, maximum inter-story drift angle is considered as the damage 
index. We assume that the first story of a wooden house will be damaged so that we need only to 
focus on the response of this first story. Hence, we install accelerometers on the ground floor and 
the second floor. In order to estimate the inter-story drift angle, we need to integrate the 
acceleration records twice. The simple double integration will result in erroneous results. Thus, 
in this paper, we propose the most appropriate integration method to estimate the maximum story 
drift angle with high accuracy using two accelerometers. 
 

Introduction 
Structural Health Monitoring  
In April 2016, Kumamoto earthquake occurred in Japan and many wooden houses collapsed and 
many lives were lost. The significant feature of this earthquake was that there were two main 
shocks and the latter was larger. Thus several houses which survived during the first main shock 
collapsed during the second main shock resulting in a few casualties as they came back home. 
This incident reaffirmed the importance and the usefulness of Structural Health Monitoring 
(SHM) for wooden houses. In the SHM system, maximum inter-story drift angle is considered as 
the damage index. We assume that the first story of a wooden house will collapse so that we will 
only focus on the response of this first story. Hence, we install accelerometers on the ground 
floor and the ceiling of the ground floor. In order to estimate the inter-story drift angle from the 
sensors, we have to integrate the acceleration records twice. The simple second-order integration 
without a careful numerical consideration will result in erroneous results. Thus, in this paper, we 
tried several approaches to propose the most appropriate integration method to estimate the 
maximum story drift angle with high accuracy using two accelerometers. 
 
Previous researches and their problems 
There is very limited research on SHM for wooden houses. The previous research[1][2]  has 
focused on simple vibration models and steel-frame buildings.  In order to implement SHM 
systems into wooden houses, it is useful to perform seismic analysis for wooden houses. In 
addition, it is important to analyze the response characteristics of buildings by vibrating with 
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various types of seismic waves because the response of the buildings vary greatly depending on 
the type of seismic waves. 
 
The purpose of this research 
In general, it is difficult to obtain accurate displacement time histories from acceleration data due 
to several sources of noise. This paper aims to establish a method for estimating the maximum 
inter-story drift angle by analyzing the acceleration data measured in full-scale shaking table 
tests of a wood-frame house.  In the test, we used low-cost MEMS type acceleration sensors 
along with high-precision sensors to seek the possibility to reduce the system cost. 
Proposed method 
In this study, we estimate the maximum inter-story drift angle from acceleration data acquired by 
two types of acceleration sensors using the following three methods. In SHM system, 
displacement data are often calculated from acceleration sensors installed at the base or inside of 
the building. We can obtain the relative response displacement by integrating the acceleration 
data of the base and each floor. However, the measured acceleration data contain small errors 
due to noise and baseline misalignment of the acceleration sensors. Although these errors are 
small, these errors are dramatically amplified thorough second-order integration and the 
displacement tends to diverge. There are two methods for calculating displacement from 
acceleration: time domain integration and frequency domain integration.  
 
(Method1) Iwan’s method 
Iwan’s method[2][3] is a method to compensate for the acceleration baseline misalignment in the 
time domain. In this method, the errors in integration are assumed to be derived from the 
nonlinearity of the accelerometer and acceleration records are classified into three regions as 
shown in Fig.1. 

 
I. Region1 

Region1 is defined as a region where the maximum acceleration does not exceed 50 gal 
from the first point in the acceleration record. The initial baseline misalignment is assumed 
to be the average of the acceleration records in region1. 

 

𝑎𝑎𝐵𝐵𝐵𝐵 =
1
𝑁𝑁
�𝑎𝑎𝑖𝑖

𝑁𝑁

𝑖𝑖=1

(1) 

 
Where, 𝑎𝑎𝐵𝐵𝐵𝐵is initial baseline misalignment, 𝑁𝑁 is the number of acceleration data in the 
region1 and 𝑎𝑎𝑖𝑖 is acceleration record in the region1. 

 
II. Region2 

Region2 is defined as a region between region1 and region3. In this region, we calculate 
the baseline misalignment by finding a value such that the velocity is connected to region3. 

 
III. Region3 

Region3 is defined as a region where the maximum acceleration does not exceed 50 gal 
from the last point in the acceleration record. As in region1, the baseline misalignment is 
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assumed to be constant. In this case, it is calculated by first approximation in the region3 
after integrating the acceleration records and obtaining the velocity records. 

 
 
 
 
 
 
 
 
 
 
 

Fig.1 Classification of acceleration record 
(Method2) Method of applying a window function to acceleration record 
In this study, a window function was applied to the acceleration records and the stepwise errors 
in the acceleration records were corrected by cutting out the main motion. The window function 
is often used in Fourier analysis and audio compression because it is a function that sets the 
signals outside the finite interval to zero so that only the signals within the finite interval are cut 
out. The accuracy of estimating the maximum inter-story drift angle is verified by applying the 
Hamming window as follows. 
 

𝑤𝑤𝑟𝑟(𝑛𝑛) = �0.54 − 0.46 cos �
2𝜋𝜋𝑛𝑛
𝑁𝑁 − 1�

(0 ≤ 𝑛𝑛 < 𝑁𝑁 − 1)

0             (𝑛𝑛 ≥ 𝑁𝑁)
(2) 

 
(Method3) Method for calculating the displacement using only the real part of the displacement 
Fourier spectrum 
We focused on the possibility that high-pass filtering on acceleration records may distort 
significant data and the maximum story drift angle was estimated using only the real part of the 
displacement Fourier spectrum. Even when residual displacement occurs in a building, the 
displacement can be calculated from the real component of the displacement Fourier spectrum. 
 

𝐷𝐷(𝜔𝜔) = � 𝑑𝑑(𝑡𝑡) ∙ 𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗𝑑𝑑𝑡𝑡
∞

−∞
(3) 

 
Where, 𝑑𝑑(𝑡𝑡) is displacement with residual displacement 𝑑𝑑∞ and 𝐷𝐷(𝜔𝜔) is frequency function of 
𝑑𝑑(𝑡𝑡). Moreover, assuming that the time function 𝑑𝑑(𝑡𝑡) is a casual function, the real part 𝐷𝐷𝑒𝑒(𝜔𝜔) 
and the imaginary part 𝐷𝐷𝑜𝑜(𝜔𝜔) of the frequency function D(ω)(= 𝐷𝐷𝑒𝑒(𝜔𝜔) + 𝑗𝑗𝐷𝐷𝑜𝑜(𝜔𝜔)) are in a 
Hilbert transform relationship as follows. 

 

𝐷𝐷𝑜𝑜(𝜔𝜔) = −
1
𝜋𝜋
�

𝐷𝐷𝑒𝑒(𝑠𝑠)
𝜔𝜔 − 𝑠𝑠

𝑑𝑑𝑠𝑠
∞

−∞
(4) 
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𝐷𝐷𝑒𝑒(𝜔𝜔) =
1
𝜋𝜋
�

𝐷𝐷𝑜𝑜(𝑠𝑠)
𝜔𝜔 − 𝑠𝑠

𝑑𝑑𝑠𝑠
∞

−∞
(5) 

 
The sign function sgn(𝑡𝑡) is defined as Eq.(6) and (7). 

 
sgn(𝑡𝑡) = −1 (t < 0), 0(t = 0), 1(t > 0) (6) 

sgn(𝑡𝑡) →
2

jω
(7) 

Using the sign function sgn(𝑡𝑡), the unit step function 𝑈𝑈(𝑡𝑡) is written as Eq.(8). 
 

𝑈𝑈(𝑡𝑡) =
1 + sgn(𝑡𝑡)

2
(8) 

 
Using the unit step function 𝑈𝑈(𝑡𝑡), the time function 𝑑𝑑(𝑡𝑡)is written as Eq.(9). 

 
𝑑𝑑(𝑡𝑡) = 2𝑈𝑈(𝑡𝑡) ∙ 𝑑𝑑𝑒𝑒(𝑡𝑡) = 2𝑈𝑈(𝑡𝑡) ∙ 𝑑𝑑𝑜𝑜(𝑡𝑡) (9) 

 
Eq.(9) shows  that the time function 𝑑𝑑(𝑡𝑡) of the displacement can be calculated from only the 

real part 𝐷𝐷𝑒𝑒(𝜔𝜔) or the imaginary part 𝐷𝐷𝑜𝑜(𝜔𝜔) of the frequency function D(ω). On the other hand, 
if the time function 𝑑𝑑(𝑡𝑡) has a residual displacement 𝑑𝑑∞(= lim

𝑗𝑗→∞
𝑑𝑑(𝑡𝑡) ≠ 0), it can be separated 

into a time limiting function 𝑑𝑑𝑇𝑇𝐵𝐵(𝑡𝑡) and a unit step function 𝑈𝑈(𝑡𝑡) satisfying Eq.(4) and (5). 
 

𝑑𝑑(𝑡𝑡) = 𝑑𝑑𝑇𝑇𝐵𝐵(𝑡𝑡) + 𝑑𝑑∞ ∙ 𝑈𝑈(𝑡𝑡) (10) 
 

Eq.(11) can be obtained by Fourier transforming Eq.(10) and  the second term is a generalized 
function with a singularity at 𝜔𝜔 = 0. 
 

𝐷𝐷(𝜔𝜔) = 𝐷𝐷𝑇𝑇𝐵𝐵(𝜔𝜔) + 𝑑𝑑∞ ∙ �𝜋𝜋𝜋𝜋(𝜔𝜔) +
1
𝑗𝑗𝜔𝜔�

(11) 

 
As well as the time limiting function 𝐷𝐷𝑇𝑇𝐵𝐵(𝜔𝜔), the time function of the displacement 𝑑𝑑(𝑡𝑡) can 

be calculated from only the real or imaginary part of the frequency function in the case of 
residual displacement. 

 
Estimation results 
A full-scale shaking table test 
The test house was three-story wooden house with two-by-four method designed by Mitsui 
Home Corp. The following figures show the south and north elevation. Strain gauge type (AS-
10GB) and low-cost MEMS type (LIS3DSH) of accelerometers were used to verify the accuracy 
of estimating the maximum inter-story drift angle of the first floor by each accelerometer. 
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Fig.2 Elevation of the building 
In this shaking table test, several types of earthquake waves were used for excitation. First, 
Kumamoto wave was used for 120 times and after that, other waves were used once. Table 1 
shows the list of earthquake waves. 
 

Table. 1  Seismic waves 
 
 
 
 
 
 
 
 
 
Estimation accuracy of the maximum inter-story drift angle 
Table3 shows the error of the maximum inter-story drift angle calculated by directly integrating 
the acceleration record(Before correction) and using the above 3 methods. The error in Table3 
represents the error for the true value of the maximum inter-story drift angle calculated from 
displacement measurement in the shaking table test as shown in Table2. 
 

Table.2  True Value of the maximum inter-story drift angle 
 
 
 
 
 
 
 
 
 
 
  

Earthquake Input scale Number of times 
Kumamoto 100% 120 
JMA Kobe 100% 1 
Shiogama 100% 1 
Tottori 100% 1 
Nankai Trough 100% 1 

e. 1  Seismic waves 

Earthquake Maximum inter-story drift angle [rad] 
Kumamoto 1/108 
JMA Kobe 1/91 
Shiogama 1/59 
Tottori 1/40 
Nankai Trough 1/23 

SOUTH 
 

NORTH 
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Table.3  The error for each method 

Earthquake Before 
correction Method1 Method2 Method3 

Kumamoto 4.2% 42.4% 2.1% 4.2% 
JMA Kobe 26.5% 4.4% 8.2% 11.8% 
Shiogama 12.4% 5.9% 5.9% 5.9% 
Tottori 6.2% 4.9% 4.0% 2.0% 
Nankai Trough 6.4% 1.6% 2.3% 2.3% 

 
In method1, the error is worse in Kumamoto indicating that the correction accuracy is 

sensitive depending on the type of seismic wave. On the other hand, method2 and method3 
improved the estimation accuracy of the maximum inter-story drift angle for all seismic waves. 
The error of both methods is within 12%, which enables us to estimate the maximum inter-story 
drift angle stably regardless of the type of earthquake. A possible error factor is the difference in 
the characteristics of each seismic waves. As shown in Fig.3, acceleration response spectrum of 
Kumamoto and JMA Kobe which has a relatively large error shows that response acceleration 
around T=0.2[s] which is the natural period of the building is small. In other words, the error 
becomes larger for seismic waves with a small S/N ratio around the first natural frequency of the 
building. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Consideration of accelerometers 
As mentioned above, two types of acceleration sensors were used to measure the acceleration 
data in this shaking table test. The error of the maximum inter-story drift angle estimated by each 
accelerometer was compared considering the instrumental characteristics of each accelerometer. 
The error in Table4 represents the error for the true value of the maximum inter-story drift angle 
calculated from displacement measurement in the shaking table test as shown in Table2. 
 
  

Table.4  The error for each accelerometer  
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Fig.3 Acceleration response spectrum 
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Table.4  The error for each accelerometer 

Earthquake 
Method2 Method3 

Strain-gauge MEMS Strain-gauge MEMS 

Kumamoto 2.1% 6.3% 4.2% 6.2% 
JMA Kobe 8.2% 4.7% 11.8% 14.5% 
Shiogama 5.9% 11.8% 5.9% 9.4% 

Tottori 4.0% 8.0% 2.0% 4.0 
Nankai Trough 2.3% 2.3% 2.3% 4.5% 

 
Both acceleration sensors were able to estimate the maximum inter-story drift angle for all 

types of seismic waves within 15%. In other words, this study suggests the possibility of low-
cost MEMS type accelerometer for SHM system.  
Conclusion 
In this paper, we proposed and compared 3 methods to estimate the maximum inter-story drift 
angle using accelerometers installed on the first and second floors of a wood frame house. While 
the estimation accuracy of Iwan’s method was not stable, the method of applying a window 
function to acceleration record and the method for calculating the displacement using only the 
real part of the displacement Fourier spectrum were able to estimate the maximum inter-story 
drift angle for all types of seismic data within an error rate of 15%. In addition, the latter method 
can also be used to evaluate the residual displacement that occurred in a building after an 
earthquake. It was also suggested that low-cost MEMS type accelerometers can be used for SHM 
as well as strain gauge type of accelerometers.  
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Abstract. Composite materials are frequently used due to light weight and high stiffness. 
However, the use of composite materials is limited due to several micro-mechanical damage 
mechanisms, which are currently not well understood. Therefore, Acoustic Emission (AE) is 
frequently suggested for in-situ diagnosis of composite materials in Structural Health 
Monitoring. Elastic stress waves in the ultrasound regime are recorded using highly sensitive 
measurement equipment. Based on suitable analysis and interpretation of the waveform data, 
different micro-mechanical damage mechanisms such as delamination or fiber breakage can be 
distinguished. Frequently, data-driven approaches are suggested for classification of AE data. In 
literature, attenuation of AE due to wave propagation is currently the main limiting factor in AE-
based diagnosis. In particular, AE is strongly attenuated in composite materials due to dispersion 
as dominant attenuation mechanism. Furthermore, depending on the source location, which is 
usually not known a-priori, different propagation paths are obtained in practice. Therefore, the 
effect of wave propagation on AE is important and can not be neglected to achieve reliable 
classification. However, the effect of different propagation paths on the classification 
performance is often not considered explicitly. Due to dependence of wave propagation behavior 
on waveform characteristics (e.g. frequency), it can be expected that the impact of wave 
propagation on AE classification performance depends also on the related source mechanism. 
Therefore, it is worth to study how classification performance of different source mechanisms is 
effected by wave propagation. In this paper, the dependence of the classification performance on 
different propagation distances is experimentally investigated in detail. To achieve highly 
reproducible AE measurements, different artificial AE sources are induced using surface 
mounted piezo elements. The corresponding waveforms are measured at two different locations. 
For classification, a convolutional neural network-based classification scheme is established. The 
pre-trained AlexNet architecture is fine-tuned using measurements obtained using different 
excitation signals. The classification performance is evaluated with particular focus on the 
impact of wave propagation. The variations in propagation distance have a strong impact on the 
classification performance. As main conclusion for AE-based SHM it can be stated that 
variations in the propagation path should be considered. Furthermore, the underlying source 
mechanisms should be taken into consideration for reliable performance estimation. 
Introduction 
Acoustic Emission (AE) refers to ultrasound stress waves, which are released from localized 
sources in a loaded material. Using suitable measurement equipment, AE waveforms can be 
recorded in-situ and used for diagnosis [1]. Regarding Structural Health Monitoring (SHM) of 
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composites, the use of Acoustic Emission (AE) is frequently suggested to distinguish between 
different micro-mechanical damage mechanisms such as delamination, matrix crack, debonding, 
and fiber breakage [1]. Typically, thin structures such as coupon specimens and plates are used 
as specimen geometry. Due to the geometry, ultrasound stress waves propagate in two 
fundamental modes. Using advanced signal processing and interpretation, different damage 
mechanisms can be distinguished. For instance, digital filtering was suggested for mode 
separation in [2] and [3]. According to Martinez-Jequier et al. [3] delamination could be 
identified using modal analysis of AE, whereas additional consideration of the frequency 
spectrum was necessary to distinguish between the remaining damage mechanisms. 

Due to the complexity of AE interpretation, data-driven approaches are frequently suggested 
for AE-based diagnosis of composite materials. These include e.g. different clustering techniques 
[4], Support Vector Machine [1], and neural networks [5]. A comparison of modal AE analysis 
and neural networks is presented by McCrory et al. [5]. In principle, the results of both methods 
are in in good agreement. However, it was stated as an advantage of data-driven approaches that 
AE data can be classified into more than two classes [5]. Furthermore, the use of frequency and 
time-frequency domain transformations is of particular importance for classification of AE. It is 
well known that – compared to classical AE parameters, which are extracted in time domain – 
peak frequencies are less sensitive to different experimental conditions. For instance, 
Beheshtizadeh et al. [6] concluded that wavelet transform is superior for the analysis of AE 
signals because highly detailed representation is obtained especially regarding weak signal 
components. 

In literature, attenuation of AE due to wave propagation was identified as main limitation of 
AE-based SHM. Different approaches were suggested to compensate the effect of wave 
propagation, e.g. correction of AE parameters by calibration experiments [7]. However, 
according to Maillet et al. [8], high frequency components are attenuated stronger and lower 
values of the frequency centroid are obtained at increasing propagation distance. Furthermore, 
Asamene et al. [9] pointed out that mode- and frequency-dependent attenuation may have an 
effect on AE signatures. Moreover, Kharrat et al. [10] reported additional distortion of AE 
waveforms due to damage accumulation within the material. Also, an effect of external load on 
the attenuation of AE in a composite plate could be demonstrated in [11]. However, while data-
driven approaches are frequently suggested in context of AE, the impact of changes in the 
propagation path is often not considered explicitly. 

In this paper, the dependence of the classification performance on propagation distance is 
investigated in detail. Particular focus is given to the difference between symmetric and 
asymmetric wave modes. To achieve highly reproducible AE measurements, different artificial 
AE sources are induced using surface mounted piezo elements. The remainder of this paper is 
structured as follows. In Section 2, the experimental setup and the classification scheme using 
AlexNet architecture are explained in detail. In section 3, experimental results are presented. 
This includes detailed discussion of the induced AE and the effect of wave propagation on the 
classification performance for each of the wave modes. Finally, the main conclusions are 
summarized. 
Methods and materials 
The experimental setup is illustrated schematically in Fig. 1. As specimen geometry, a thin plate 
is chosen, which is a typical specimen geometry for testing of composite materials. The 
specimen is manufactured from CFRP material and has dimensions of 800 x 800 x 1 mm3. In 
principle, two fundamental modes propagate in this geometry, which are the symmetric (S0) and 
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asymmetric (A0) mode. Wide specimen dimensions are chosen to reduce the effect of edge 
reflections. As AE transducers, Piezoelectric Wafer Active Sensors (PWAS) are bonded to the 
top and bottom surface of the plate. To obtain reproducible waveforms with defined modal 
content at the sensors, AE transducers are sometimes used in active mode [10]. Here, AE is 
induced using two active PWAS, as suggested by Su and Ye [12]. The active PWAS T1 and T1b, 
which are oriented face-to-face through the material, are driven by a frequency generator. Here, 
windowed sine bursts with 6 cycles at a frequency of 100 kHz are used. By choosing in-phase or 
out-of-phase excitation of the active PWAS, the dominant mode of propagation can be controlled 
precisely. 

As sensors, PWAS T2 and T3 which are located in a distance of 100 mm and 200 mm from 
the excitation, are used. Additionally, two PWAS T2b and T3b are bonded face-to-face at the 
opposite surface of the plate to verify the modal content of measured waveforms. A similar 
sensor arrangement was used for instance by Martinez-Jequier et al. in [3] to assess the modal 
content of AE waveforms. The AE waveforms are recorded continuously at a sample rate of 4 
MHz. Each excitation burst is triggered by an external signal, which is also recorded for post-
processing. 

 
Fig. 1. Illustration of the experimental setup (Chair of Dynamics and Control, U DuE, 

Germany). 
Recently, deep learning, which emerged from the field of image classification and computer 

vision, received significant attention in SHM literature [13]. High classification performance can 
be achieved with sophisticated neural networks. However, due to the large number of parameters 
in deep neural networks, training is computationally intensive and a large amount of data is 
necessary. Therefore, transfer learning is frequently suggested if the amount of training data is 
limited. One approach to transfer learning is fine-tuning of pre-trained networks [13]. While 
most of the parameters of trained neural networks – or parts of trained neural networks – are 
used as initial values, only specific parts of the network are modified. Here, fine-tuning refers to 
additional training of the modified network with a new dataset. The advantages of using pre-
trained networks are that fine-tuning is usually faster, requires less data, and can be realized 
using a regular desktop computer. 
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The AlexNet is a Convolutional Neural Network architecture, which was proposed by 
Krizhevsky et al. [14]. Today, AlexNet is frequently used for transfer learning. For instance, 
Dorafshan et al. [15] compared the performance of edge detectors, which is an image processing-
based approach, and AlexNet for image-based crack detection in concrete. According to the 
results, improved performance can be achieved using AlexNet architecture. Furthermore, best 
performance was achieved using fine-tuning as compared to full training of the network. 
Furthermore, Hemmer et al. [16] suggested a transfer learning approach for classification of 
faults in rolling element bearings based on vibration and acoustic emission measurements and 
concluded that fine-tuning of AlexNet scales well to multiclass problems. 

The original AlexNet architecture comprises five convolutional layers (conv1 - conv5) and 
three fully connected layers (fc6 - fc8). For transfer learning, the architecture is usually modified 
so that it is suitable for the new classification problem. Hemmer et al. [16] replaced the final 
classification layer to fit the desired number of classes. Lu et al. [17] replaced the last three 
layers. Additionally, the learning rate can be adapted to focus parameter updates mainly on the 
modified layers during training, as suggested in [16]. In this paper, the final layer of the 
architecture is adapted for classification into 4 classes. The modified architecture of the AlexNet 
is illustrated in Fig. 2. Furthermore, the learning rate of the fully connected laser is increased by 
a factor of 20 to reduce the impact of training on the parameters of the convolutional layers. 
During fine-tuning, stochastic gradient descent with momentum algorithm was used with the 
following settings: initial learning rate: 1e-4, mini batch size: 10, validation frequency: 20. 

 
Fig. 2. Simplified illustration of modified AlexNet architecture. 

Experimental results 
In this section, different classes of artificially induced AE signals are presented. Each AE 
waveform is measured at two different locations. Furthermore, preprocessing of the waveform 
data is explained. Finally, classification performance is evaluated in detail. Particular focus is 
placed on how the classification performance is effected by changes in the propagation path. 

To verify the procedure, which was used to induce AE in the plate specimen with defined 
dominant mode, the modal content of resulting AE measured by the sensors is assessed. To this 
end, measurements of the two sensors T2 and T2b, which are located face-to-face at the top and 
bottom surfaces of the plate, are used. Symmetric and asymmetric modes can be separated by 
adding and subtracting the responses of the sensors at the top and bottom surfaces of the plate, 
respectively, as suggested in e.g. [3]. From the responses presented in Fig. 3, dominant S0 and 
A0 mode are observed depending on (a) symmetric (in-phase) and (b) asymmetric excitation 
(out-of-phase). To investigate the effect of wave propagation on the classification performance, a 
dataset was recorded comprising AE waveforms with dominant S0 and A0 modes of different 
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intensity. By choosing different excitation signals, AE waveforms with different modal content 
were induced. For classification, the waveform data were transformed into frequency domain 
using continuous wavelet transform. As input to the classifier, images of 227x227x3 are used. 
Examples of each class are presented in Fig. 4. 

Subsequently, AlexNet is used for classification of different AE waveforms. To demonstrate 
that in principle it is possible to distinguish between waveforms, which are related to different 
excitations, training and test data are chosen from the same sensor. In each case, a total of 400 
samples are used during training and 200 samples during test. 

 
(a) 

 
(b) 

Fig. 3. Artificially induced AE with dominant symmetric (a) and asymmetric (b) mode. 
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Fig. 4. Scalograms of AE waveforms at sensor T2 (left) and sensor T3 (right). 

In Fig. 5, the confusion matrices showing test results for the data from the sensors T2 and T3 
are presented. In general, good performance of the classifier is achieved and different AE, which 
are related to symmetrical and asymmetrical excitation, can be distinguished reliably. 

 
                           (a)                                                                      (b) 

Fig. 5. Confusion matrices for (a) sensor T2 and (b) sensor T3. 
Finally, the effect of changes in the propagation distance on the performance of the classifier 

is investigated. To this end, two different cases are considered: (i) the initial propagation distance 
is increased after training and (ii) the initial propagation distance is decreased after training. 
Here, data from different sensors were used during training and test. In each case, a total of 400 
samples are used for training of the AlexNet. For test, 200 samples are chosen from the other 
sensor. The corresponding confusion matrices are shown in Fig. 6. It is obvious that the 
classification performance degrades due to the change in the propagation distance between 
training and test. However, it is notable that symmetric and asymmetric wave modes are effected 
differently. In Fig. 6 (a), most of the classification errors are related to asymmetric excitation 
whereas classification of AE related to symmetric excitations is more difficult in Fig. 6 (b). 
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                         (a)                                                                        (b) 

Fig. 6. Confusion matrices for (a) Training: T2, Test: T3 and (b) Training: T2, Test: T3. 
Similarly, the effect of changes in the propagation distances on the classification performance 

for both excitations can be observed using cross validation. In Fig. 7, results of 5-fold cross 
validation are presented. Here, recall is reported to assess the performance for each class. In 
accordance with the previous results, better performance can be achieved for asymmetric 
excitations if the propagation distance is increased between training and test. If the propagation 
distance is reduced between training and test, the performance of the classifier is better for 
symmetric excitations. Therefore, it can be concluded that the effect of different propagation 
distances on the classification performance depends also on the underlying source mechanism. 

 
Fig. 7. Cross validation results. 

In this example, AE signals with dominant symmetric and asymmetric wave mode were 
chosen, which are in practice related to e.g. fiber breakage and delamination, respectively [2]. It 
could be shown that in principle, the classification performance at different propagation 
distances depends on the corresponding wave mode. However, the effect of wave propagation on 
the classification performance may be different depending on frequency of AE signatures and 
dispersion characteristics of the material. 
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Summary and conclusion 
In this paper, a detailed investigation regarding the impact of variations in the propagation 
distance of AE in composite material on the classification performance is presented. A thin plate 
is chosen, which is a typical specimen geometry. Artificial AE sources are induced using PWAS 
transducers, which allows to precisely control the modal content of the AE signals. For 
classification, a transfer learning approach – i.e. fine-tuning of pre-trained AlexNet architecture – 
is used. Particular focus is given to the performance of the classifier for AE waveforms with 
different dominant modes. 

The variations in propagation distance have a strong impact on the classification performance. 
In particular, two different cases in which the propagation distance is i) increased and ii) reduced 
between training and test. Here, the effect on the classification performance also depends on the 
dominant wave mode of AE. Therefore, as main conclusion for AE-based SHM it can be stated 
that variations in the propagation path can not be neglected, also if frequency domain features are 
used. The robustness of a classifier to variations of the propagation path depends on the 
dominant mode of the AE waveforms. The underlying source mechanisms should be taken into 
consideration for reliable performance estimation. 
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Abstract. Recently, there has been an increasing emphasis in the Indirect bridge health 
monitoring method employing passing vehicles, which is regarded as one of the most effective 
approaches in bridge damage screening. However, few researches have been conducted on the 
Drive-by bridge inspection method using vehicle displacement profile as damage indicator due to 
the challenges in displacement measurement and result accuracy. This paper proposes an 
optimization approach of designing the optimum vehicle parameters to improve the performance 
of vehicle displacement-based Drive-by bridge damage inspection. A generalized Vehicle-Bridge 
Interaction (VBI) system is built in MATLAB, where the bridge is modelled as a simply 
supported beam with 10 elements and the passing vehicle is represented as a simplified quarter 
car. Employing the Monte Carlo methods, the optimum parameters are determined by numerous 
simulations processed under diverse damage scenarios. Results show that by employing the 
optimal vehicle parameters, the bridge damages can be detected effectively and accurately for 
general damage scenarios based on the vehicle displacement profile. The proposed optimization 
method can contribute to the wide application of vehicle displacement-based Drive-by bridge 
damage inspection, providing merits in simplicity and visualization. 
Introduction  
It is acknowledged that more than 11% of bridges are structurally deficient in the United States, 
and in Europe most bridges were constructed from 1945 to 1965 (Malekjafarian et al. 2015). 
Issues faced by bridges these days involve not just increases in traffic loads but also the gradual 
deterioration due to the environmental impacts over time. The conventional SHM is known as 
the “sensor-base monitoring”, which requires numerous sensors placed on the bridge, and its 
performance is highly dependent on the location and sensitivity of sensors (Sohn et al. 2003). For 
many years, the sensor installation has been regarded as a costly and challenging part of 
conventional SHM, especially for a bridge under ongoing traffic. In addition to the sensor 
performance, influences of the environment and ongoing traffic are non-negligible, as sensitive 
sensors will also be sensitive to environmental noises (Sohn et al. 2003).  

To achieve a better performance in feasibility and cost efficiency, an Indirect-SHM method of 
employing the passing vehicle is proposed by Yang et al. (2004), regarded as one of the most 
effective approaches in bridge damage detection. Compared with the conventional SHM 
methods, advantages of the Drive-by inspection method are generally in economy, simplicity, 
mobility and feasibility (Malekjafarian et al. 2015). Instead of employing numerous 
instrumentations attached to the bridge, the Drive-by method uses a vehicle as the “moving 
sensor” to obtain dynamic properties of the bridge via the Vehicle-Bridge Interaction (VBI). The 
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vehicle employed is regarded as both exciter and receiver with the instrumentation placed on the 
cart suspension system, which aims at eliminating the noise from the vehicle engine (Lin and 
Yang 2005). It has been experimental verified that the fundamental frequency of bridge can be 
successfully extracted by acceleration signals collected from the cart sensor with a travelling 
speed lower than 40 km/h. Structural damages will lead to changes in bridge dynamic properties, 
and it is feasible to extract the frequency changes due to bridge damage by tracking the vehicle 
responses. 

Based on diverse damage indicators, there are generally three approaches of bridge damage 
inspection employing passing vehicles. The first is based on the bridge damping ratio, in which 
the structural damage is represented as the increase in bridge damping ratio. It is found that the 
damping ratio increases will lead to changes in the acceleration spectra, and by tracking these 
changes the damages can be detected and localized (McGetrick et al. 2009). The second is 
known as the mode shape-based damage inspection method, regarding the mode shape 
discontinuities as damage representor. Zhang et al. (2012) find that the point impedance can be 
obtained using the vehicle response when a specialized theoretical vehicle is employed to control 
the applied force on the bridge, and the amplitude of the point impedance spectra is proportional 
to the square of the mode shapes. Moreover, an algorithm introduced by Yang et al. (2014) 
shows that the instantaneous amplitude for the extracted bridge component response of specific 
mode is equal to the mode shape, which provides high-resolution results. In addition to the 
approaches introduced above, there is a trend of using displacement profile to detect the 
structural damages. Traditionally, the bridge deflection shape is always considered as damage 
representor, where the peak occurred in the displacement profile difference between healthy and 
damaged bridges could indicate the existence of damage.  

However, there are few studies focusing on the vehicle displacement-based methods of 
damage inspection. Traditionally the measurement of relative vertical vehicle displacement is 
challenging employing the conventional measuring approaches, especially when the damage is 
less significant (Yin and Tang 2011). Additionally, the vehicle dynamics could mask the damage 
characteristics even the highly sensitive sensors are available. The relative displacement 
maximization and the noise reduction therefore play a key role in the damage detection using 
vehicle displacement profile as indicator. One of the strategies is to optimize the vehicle 
configuration parameters. McGetrick and Kim (2013) point out that the vehicle response will be 
considerably affected by its configuration parameters involving vehicle stiffness, mass and 
damping. Accordingly, by investigating the parametric impacts and optimizing the vehicle 
parameters before the bridge health monitoring can contribute to better detection performance.  

This paper proposes a new method of Drive-by inspection with parameter optimization, which 
employs the vehicle displacement profile as damage indicator. The parameter optimization will 
be firstly processed to determine the vehicle parameters that provide the preferable performance. 
Secondly, the effectiveness of Drive-by inspection based on vehicle displacement profile 
difference will be examined in the presence of diverse damage positions and levels.  
VBI Modelling  
The bridge is established in MATLAB as a simply supported beam with 10 elements while the 
vehicle is modelled as a quarter car consisting of the main vehicle parameters of mv (vehicle 
mass), kv (vehicle stiffness), cv (vehicle damping) and v (vehicle speed). Each element of the 
bridge has the equal physical properties such as rectangular cross section and density as shown in 
the Table. 1. The damage in this study is identified as the loss of stiffness caused by structural 
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defects like cracks. The damage severity is defined as x% reduction in the element, while the 
damage location is described as the specific element in which the damage occurs.  
 

Table. 1 Bridge Properties 

Span 
Length, L 

(mm) 

Intact Element 
Stiffness, EI 

(N*m2) 

Natural 
Frequency, Wb 

(Rad/s) 

Mass per unit 
length, ρ (kg/m) 

Road 
profile 
severity 

25000 3.30E+09 2 4800 Class A 

 

 
Fig. 1 VBI Model 

 
The VBI process is simulated in MATLAB and the vehicle response can be obtained applying 

the contact force concept. The equations of motion of the VBI system can be given by equating 
the contact forces between vehicle and bridge at each moment, and for the time step i are:  
                      [ m v ]{ �̈�𝑦 v } i  +  [ c v ] { �̇�𝑦 v } i  +  [ k v ] {y v } i  =  { f v } i                      ( 1 )  
                      [ m b ] { �̈�𝑦 b } i  +  [ c b ] { �̇�𝑦 b } i  +  [ k b ] { y b } i  =  { f b } i                     ( 2 )   

Where the [mv], [cv] and [kv] represent mass, damping and stiffness matrices of the vehicle 
respectively. While {�̈�𝑦v}, {�̇�𝑦v} and {yv} are the acceleration, velocity and displacement of 
vehicle respectively. Similarly, the [mb], [cb] and [kb] are mass, damping and stiffness for bridge 
respectively, and {�̈�𝑦b}, {�̇�𝑦b} and {yb} are bridge acceleration, velocity and displacement 
respectively. Accordingly, the non-zero components of the vector, {fv}i represent the dynamic 
interaction forces:  
                               f v c i  =  ( w b i  +  r i ) k s                             ( 3 ) 

Where ks is the suspension stiffness and wbi is the deflection of bridge, while in the equation, 
ri represents the road profile height. and {fb}i is the applied force vector on the bridge, which is 
given as: 
                           { f b } i  =  ( w - [ m v ] { �̈�𝑦 v } i  ) * { N b } i                        ( 4 ) 

Where w is the vehicle gravity weight and {Nb}i is the location function that assigns the 
interaction force to the element degrees of freedom at the i th step.  
 

By solving the iterative process, the bridge displacement under the vehicle can be calculated 
until the increase in the bridge displacement is less than the specified percentage. Firstly, it is 
assumed that there is no deflection occurred on the bridge and the vehicle interactive force is 
calculated for the whole simulation using Eq. 3. Secondly, the vehicle response is obtained by 
solving the Eq. 1 using Newmark-beta integration scheme. Thirdly, the vehicle accelerations 
obtained are used in Eq. 4 to calculate the applied force on the bridge, after which the bridge 
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deflection vector is calculated by Newmark-beta integration scheme. Lastly, the bridge 
displacement is computed as below: 
                               w b i  =  { y b } i

T  { N b } i                             ( 5 ) 
The vector {yv} is obtained by repeating the same process for all i steps, which is the vehicle 

displacement corresponding to each time step. The process will be proceeded repeatedly using 
the new wbi until less than 1% is witnessed in the ratio between the max bridge displacements in 
the old and new profiles. Fig. 2 below illustrates the VBI algorithm.  

 
Fig. 2 Flow chart of VBI algorithm 

 
Optimization of the vehicle parameters 
The parameters being assessed involve mv (vehicle mass), kv (vehicle stiffness), cv (vehicle 
damping) and v (vehicle speed), which accordingly would have considerable impacts on vehicle 
responses (McGetrick and Kim 2013). A feasible strategy is by employing the Monte Carlo 
Method, which aims to solve deterministic problems utilizing repeated samplings, to investigate 
the parameter effects. Each vehicle parameter of interest in this study is independent (would not 
affect or be affected by other parameters) and it is reasonable to study these parameters 
separately. 

The value of interest parameter will be changed many times within the range while other 3 
vehicle parameters remaining constant to obtain the vehicle responses. The corresponding 
displacement difference profile of vehicle between healthy and damaged beams will be acquired 
as the vehicle parameter varies. After that, a diagram of the max displacement differences 
corresponding to the parameter changes can be generated after many times of repetition, where 
the optimum vehicle parameters can be designed. Initializing that v=15m/s, mv=10000kg, 
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kv=250000 N/m and zeta=0.05, the changes in the max displacement differences corresponding 
to vehicle damping ratio (zeta), vehicle stiffness (kv), vehicle mass (mv) and speed (v) 
respectively for Damaged Element 2 and 5 with 20% severity are given as shown in Fig. 3 – 4. 

 
(a)                                       (b) 

 
(c)                                       (d) 

Fig. 3 The max displacement differences corresponding to diverse vehicle parameters for 
Damaged Element 2: (a) Vehicle damping ratio, zeta (b) Vehicle stiffness, kv (c) Vehicle mass, mv 

(d) Vehicle speed, v 
 

 
Summarily, the max displacement difference rises with vehicle mass ignoring some 

fluctuations and declines as vehicle damping ratio increases. As shown in the relation between kv 
and the max displacement difference, it rises sharply to the peak and then drops dramatically to a 
lower point. As the kv continues to increase, it presents a stable trend of the connection between 
vehicle stiffness and the max displacement difference. The correlations between vehicle speed 
and the max displacement difference are blurry when the speed reaches high. As the cart might 
be “over-excited” with the high travel speed, and this would mask the responses corresponding 
to bridge damages. Additionally, higher resolution results can be provided by the lower speed of 
vehicle. Results for damage locations in Element 6 & 8 present similar trends, and the optimal 
parameters can therefore be acquired as shown in Table 2 below, which provide preferable 
performances for diverse Damage Situations.  
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(a)                                       (b) 

  
(c)                                       (d) 

Fig. 4 The max displacement differences corresponding to diverse vehicle parameters for 
Damaged Element 5: (a) Vehicle damping ratio, zeta (b) Vehicle stiffness, kv (c) Vehicle mass, mv 

(d) Vehicle speed, v 
 

Table. 2 The optimum vehicle parameters for diverse damage scenarios 

 Damaged 
Element 2 

Damaged 
Element 5 

Damaged 
Element 6 

Damaged 
Element 8 

Zeta 0.001 0.001 0.001 0.001 

Kv 19000 N/m 19000 N/m 18000 N/m 12000 N/m 

Mv 20000 kg 20000 kg 20000 kg 20000 kg 

V 1 m/s 1 m/s 1 m/s 1 m/s 

Results of damage inspection using the optimum parameters 
Damages are presented in Element 2, 5, 6 & 8 with damage level increasing from 10% to 80% 
gradually, defined as the loss of element stiffness. To detect the damage, the vehicle with 
optimum parameters obtained above is simulated travelling through the beam. The vehicle 
displacement difference profiles are then obtained based on the differences between vehicle time 
histories of damaged beams and the baseline, where the baseline is acquired using the vehicle 
deflection profile of healthy beam. Ideally, the peaks occurred will accurately indicate the 
location of damage and the damage levels will be illustrated as the increasement in displacement 
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difference, which are known as the damage characteristics (Yin and Tang 2011). In damage 
scenario 1, where the stiffness reduction starts at element 2 (20% L), the peak occurs at around 5 
s in Displacement difference profile, 20% of the total time period. When the structural damage 
occurs in element 5 (50% L), it can be found that the peak is witnessed at about 12.5 s in 
Displacement difference profile, which is nearly 50% of the total time period. Similarly, in 
Displacement difference profiles of damage scenario 3 & 4, where bridge damages are presented 
in element 6 & 8, the peaks occur just before 15 s and 20 s respectively, which are 60% and 80% 
of the total time period respectively. Generally, as shown in Fig. 5, the displacement difference 
between baseline (healthy) and that of damaged beam increases gradually as the damage level 
goes up. The results indicate that this approach presents high accuracy and sensitivity in damage 
inspection. 
 

  
                    (a)                                         (b) 

  
                    (c)                                         (d) 

Fig. 5 Displacement Difference Profile for diverse damage locations: (a) Damaged element 2, 
20% L (b) Damaged element 5, 50% L (c) Damaged element 6, 60% L (d) Damaged element 8, 

80% L 
Conclusion 
This paper proposes a new method of Drive-by inspection with parameter optimization 
employing vehicle displacement as damage indicator. The vehicle time history is adopted 
employing a simplified VBI system simulated in MATLAB. Then the displacement difference 
profile of vehicle can be obtained by subtracting the vehicle time histories between baseline and 
that of damaged bridge, where the baseline is acquired by the first-time run passing through the 
bridge with healthy condition. In many times of simulations, it is found that the occurrence of 
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damages can be successfully identified, which is presented as the peak in displacement 
difference profile, while the damage level is regarded as the increasement in displacement 
difference. To achieve higher accuracy and sensitivity of detection results, this paper proposes a 
strategy of parameter optimization aiming at maximizing the vehicle displacement profile 
difference and reducing the noises from vehicle dynamics. The results indicate that the optimum 
parameters of vehicle can effectively improve the inspection performance for all damage 
scenarios. With the technique of deflectometer developing rapidly, it is predictable that the role 
of Vehicle response-based Drive-by inspection will become increasingly emphasized. The 
effectiveness of this approach can contribute to its wide application to the general health 
monitoring. To further study its feasibility and applicability in real project, field tests including 
the environmental effects are required. 
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Abstract. Due to uncertainty associated with fatigue, mechanical structures have to be often 
inspected, especially in aerospace. In order to reduce inspection effort, fatigue behavior can be 
predicted based on measurement data and supervised learning methods, such as neural networks 
or particle filters. For good predictions, much data is needed. However, often only a small 
number of sensors to collect data are available, e.g., on airplanes due to weight limitations. This 
paper presents a method where data that is collected during an inspection is utilized to compute 
an update of the optimal inspection interval. For this purpose, we describe structural health 
monitoring (SHM) as a Markov decision process and use reinforcement learning for deciding 
when to inspect next and when to decommission the structure before failure. In order to handle 
the infinite state space of the SHM decision process, we use two different regression models, 
namely neural networks (NN) and k-nearest neighbors (KNN), and compare them to the deep Q-
learning approach, which is state of the art. The models are applied to a set of crack growth data 
which is considered to be representative of the general damage evolution of a structure. The 
results show that reinforcement learning can be utilized for such a decision task, where the KNN 
model leads to the best performance. 
Introduction 
The lifetime of cyclically loaded metal structures is limited, due to the propagation of cracks in 
the material which leads to a failure of the structure after a certain amount of load cycles [1, 2]. 
Hence, aluminum parts in aircraft structures need to be inspected periodically to find and replace 
parts with significant crack propagation. Especially assemblies like wing and fuselage have to 
endure high cyclic stresses during their lifetime. Maintenance and health monitoring are 
significant factors in aircraft operating costs. For example, the average direct maintenance costs 
of a Boeing 757-200 had a proportion of about 23% of the total flight operating costs in 2017 [3]. 

Every opportunity to reduce these costs is beneficial to the aerospace industry and can reduce 
the overall costs per flight hour. Using machine learning (ML) methods can help to reduce 
maintenance costs. Therefore, a lot of research is currently done in the field of prognostic health 
monitoring (PHM). PHM tries to predict the time to failure of a structural system often by using 
ML methods. Usually, data, which indicates the deterioration of a system, serves as the input of 
the ML model. The predicted output is the time to failure of the structural system. Often 
continuous or many data points are needed whereas applied sensors are heavy and increase the 
weight. Especially in the aerospace industry, this leads to an increase of the fuel burn which 
might be more costly than operating an aircraft without an SHM system. 
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Therefore, this paper aims to show the application of reinforcement learning (RL) to an SHM 
task, which uses only data when an inspection is carried out. The feasibility of the approach is 
demonstrated using a set of published crack growth data [4], where the crack length serves as the 
damage index. This data is considered to resemble a degrading system, wherein real-world 
applications this might be for instance the number of repairs during a maintenance service. 
Furthermore, we propose another way of how to train the best decision policy and compare it to 
the state of the art approach in terms of the number of inspections, the wasted remaining life 
cycles, and the number of fails. By using RL, the planning of inspection dates might be improved 
and the overall number of inspections decreased. 

In the following section, we summarize and discuss different PHM approaches. In sections 3 
and 4, we explain the fundamentals of RL and describe how we apply it on an SHM task, 
respectively. After showing the results in section 5, we discuss and summarize them in the last 
section. 
Literature Review 
In research, a broad amount of possibilities to improve maintenance policies and lower their 
costs is investigated. One approach to determine the optimal maintenance policy is by Markov 
decision processes (MDP) or partially observed Markov decision processes (OMDP) [5, 6]. The 
research shows that MDPs or OMDPs are suitable to determine the optimal maintenance policy 
and to increase the overall system effectiveness. Moreover, it has been proven that reinforcement 
Q-learning can find the optimal action-selection strategy for every finite MDP, given sufficient 
exploration time and random actions [7]. Therefore, we describe structural health monitoring 
(SHM) as an MDP and use RL for deciding when to inspect next. 

Another approach is to predict the damage progress by mathematical surrogate models. E.g. in 
[8-11], it has been already proven that the propagation of cracks can be predicted with neuronal 
networks. Even the propagation under overloads and non-linear damage can be predicted with 
such algorithms [12, 13]. Moreover, it is possible to perform live monitoring with sensor data of 
an operating system, e.g. in [14]. If the remaining useful life (RUL) can be predicted by a 
monitoring system, we commonly refer to this as prognostic health monitoring (PHM). Several 
ways exist to predict the RUL. One method, which has been very successful in the PHM 
challenge in 2008 [15, 16], was a similarity-based approach [17]. This method uses run to failure 
data to define a library of degradation paths. The data of the test system is compared to the 
library, and the most similar is used to determine the RUL. One disadvantage of PHM methods is 
that they require continuous or rather many sensor data points during the lifetime of a component 
to predict the damage progress. However, in most structural parts of an aircraft, there are no 
sensors to monitor the current condition. Additional sensors would lead to heavier aircraft which 
will inevitably increase the fuel burn and thus the operating costs. Therefore, this work presents 
an approach that uses only data that is collected during inspections.  
Fundamentals of RL and new Approach 
RL is an area of ML, in which a software agent is interacting with a simulated or physical 
environment. This environment has to be modeled as an MDP. The environment is at a time t in 
a state S, and the agent selects an action A, which leads the environment in a new state S’. Array 
A consists of all possible actions. The agent gets feedback on the performed action by a reward 
R. That allows the agent to learn by itself over time. It does not need a teacher. For finite 
environments, the agent selects actions, until it reaches a terminal state [18]. 

Q-learning is a special type of RL, where the agent learns so-called Q-values for an action 
taken in a state. These values represent the expected reward for performing that action in that 
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state. First, the Q-values are randomly initialized. Then, in the training step, the values are 
adopted according to a version of the Bellmann equation (Eq. 1), 

Q*(S, A) = (1 - α) Q(S, A) + α [R + γ max(Q’(S’, A))] (1) 

where Q*, Q, and Q’ are the updated, current, and future Q-values, respectively, α is the learning 
rate and γ the discount factor. In Q-learning, the Q-values are trained based on the current and on 
the future Q-value, i.e. the not yet updated Q-value and the highest achievable reward for doing 
an action one timestep in the future (temporal difference learning). Q-learning is based on an ε-
greedy strategy. In the learning phase, the agent has the chance ε to perform a random action, 
while ε decreases over time. If ε is equal to zero, the agent does not execute a random action 
anymore and will always execute the action with the highest Q-Value (“greedy”). The learning 
rate α influences how much the new values replace the old. The discount factor γ is responsible 
for weighting the future Q-values compared to the current ones. The learning rate, the discount 
factor, and the ε parameter thus influence the speed and outcome of the training 

The classic Q-learning stores the Q-values of every state in a table. This is a problem for large 
or infinite state and/or action spaces, where memory usage can overcome the available memory. 
To solve this problem, usually, a value approximator is introduced to predict the Q-values of 
every state. This is usually referred to as deep Q-learning which is frequently associated with a 
NN as the value approximator. An overview and basic description of deep RL and deep Q-
learning, in particular, can be found in [19]. The method achieves very good performance in 
human interaction problems, e.g. playing Atari or board games [20], and is so effective that 
computers can beat people in extremely complex games with many possible move combinations 
like Go or Chess [21]. 

The state of the art approach uses a built-in NN, which’s parameters are trained in the learning 
phase in order to predict the Q-values. However, this could lead to long training times until the 
NN predicts the expected Q-values of the Bellmann equation. Furthermore, large steps in the Q-
value function might be difficult to approximate and many parameters of the NN would be 
needed. Another idea, which we want to propose in this paper, is to first train the Q-values by 
using the default Q-learning approach and store them in a table. Afterward, the learned table can 
be used to train a mathematical surrogate model. The inputs of the model are the state variables 
and the outputs are the Q-values for each action. With this approach, a larger variety of 
mathematical surrogate models can be used, e.g. k-nearest neighbors (KNN), since the data to be 
trained are already available. A combination of Q-learning and the KNN method was already 
described in [22, 23], where the authors applied this approach to the Mountain-Car control 
problem and the Cart-Pole balancing task. 
Proposed RL Framework for an SHM Decision Process 
First, we describe the maintenance decision task as an MDP. Figure 1 shows the MDP of the 
SHM problem, where two kinds of states (in service and out of service) are present. 
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Figure 1: Markov decision problem for the maintenance decision task with crack length as the 

damage index. 
A state S consists of two variables, the number of cycles N and the damage index D. A new 

state is entered if one or both variables change their values. However, two inspections in a row 
are not allowed, since this would not change the state and could lead to an infinite loop. In total, 
three actions are available to change the state: 

• Proceed. The number of cycles increases by one. The agent does not get any new 
information about the damage index. Therefore, the last observed damage index stays the 
same. 

• Inspect. The number of cycles stays the same, whereas the damage index gets updated by 
the current one, which corresponds to the current number of cycles. 

• Takeout. The structure gets decommissioned and the episode ends. 
 
Second, in order to use RL and to train an agent, we defined four different rewards: 

• Move. The agent receives a positive reward for every proceed-action if the action does 
not lead to a structural failure. This aims to encourage the agent to use the structure as 
long as possible. 

• Maintenance. The agent receives a negative reward for every usually costly inspection 
since the aim is to achieve a long life with a minimal number of inspections. 

• Fail. The agent receives a large negative reward if the action leads to a structural failure. 
• Takeout. The agent receives a mediocre reward, which is lower than the fail reward but 

larger than the maintenance reward. 
 

Since the damage index is a float number, we have an infinite number of possibles states. 
Moreover, we cannot assure that all states seen by the agent in the learning phase cover all states 
occurring in the operating phase. This is why we need a value approximator, where the inputs are 
the state variables (i.e. the number of cycles and the damage index) and the outputs are the Q-
values for each action. In this paper, we compare the state of the art approach (built-in NN) with 
the proposed approach, where we first train the Q-values by using the default Q-learning 
approach and then train a mathematical surrogate model on it. For the latter, we use two different 
models, KNN and NN. Therefore, we compare three different models in total. 

in service
𝑁𝑖 ,𝐷𝑖

Proceed
(new number of cycles 𝑁𝑖)

Takeout

Inspect
(new damage index 𝐷𝑖)
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(which leads to failure)
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Figure 2: Crack propagation lines split up into a training (light gray) and a test set (dark gray). 

 
The feasibility of using RL for a maintenance decision task is demonstrated by using a set of 

published crack propagation data [4], where the crack length serves as the damage index. This 
data is considered to resemble a degrading system. This might be in real-world applications for 
instance the number of repairs during an inspection. We assume that the overall damage of a 
structural system is degrading continuously, even if maintenance tasks are executed. Figure 2 
shows the 68 crack propagation lines, which are split up into a training set (line 1-47) and a test 
set (line 48-68). The training set is used to learn the Q-values and to set the parameters of the 
mathematical surrogate models, whereas the test set is used to evaluate the models. 

The number of layers and the number of neurons can be optimized using a hyperparameter 
optimizer. In this case, we used a fully connected NN with 128 neurons in the first and 64 
neurons in the second hidden layer. The output layer has three nodes (one for each action Q-
value). A 5-fold cross-validation within the training set led to an optimal KNN parameter at k = 
250. The Q-values are randomly initialized between -5 and 0. For this study, we used the 
following rewards: Rmove = 1, Rmaint = -5, Rfail = -500, Rtakeout = -50. These rewards lead to a 
behavior, where the agent tries to maximize the usage time of the structure. These values could 
also be optimized, to get a certain behavior of the agent, e.g. most important is safety or a small 
number of inspections. 
Results 
Table 1 shows the evaluation of the test lines 48, 59, and 68, which represent a slow, medium, 
and fast crack growth, respectively. The blue point indicates an inspection, whereas the red point 
represents the takeout. It can be seen that the agent with the built-in NN behaves quite statically. 
The RL model has learned to execute the takeout always at about 225,000 cycles. No inspection 
is done, neither for fast nor for slow crack growth. In contrast, the agent with the afterward 
trained NN executes many inspections beginning at about 235,000. This leads to longer usage 
but also many inspections. For a fast crack growth, the agent misses decommissioning the 
structure (see figure on the right bottom in Table 1). Also, the agent of the KNN model executes 
inspections. However, the first inspection is carried out a little earlier than for the NN model 
leading to no missed takeouts. If the crack length is rather long, the agent executes the takeout 
action. If the observed crack length is rather short, the agent proceeds some cycles until it 
inspects next. 

 
  

0 0.5 1 1.5 2 2.5 3 3.5

number of cycles 10 5

0

10

20

30

40

50

cr
ac

k 
le

ng
th

 in
 m

m



Structural Health Monitoring  Materials Research Forum LLC 
Materials Research Proceedings 18 (2021) 203-210  https://doi.org/10.21741/9781644901311-24 

 

 

 208 

Table 1: Comparison of the results. 

Test line  Built-in NN KNN NN 

48 

   

59 

   

68 

   

 
Table 2 compares the three approaches in terms of the number of inspections, the wasted 

remaining life cycles, and the number of fails evaluated on the test set. The best is if all three 
measures are zero. The behaviors of the different approaches explained before are consistent 
with Table 2. The values of the built-in NN show that, due to the lack of inspections, the agent 
wastes much RUL. The KNN model is better than the NN model since its values are lower in all 
three measures. This is due to the fact that the Q-values change rapidly at high numbers of 
cycles. This is a result of the high negative reward when missing the takeout. Apparently, the 
KNN model can handle this discontinuity better, since it is based on the trained neighbor values. 
For a regression model like NN, it is difficult to picture this behavior. 
 

Table 2: Comparison of the three approaches evaluated on the test set. 

Method  Number of inspections Wasted RUL Number of fails 

Built-in NN 0 760,000 0 

KNN 92 144,000 0 

NN 320 153,000 4 

 
Discussion and Conclusion 
The results show that is is possible to use RL to automate the maintenance planning of cyclically 
loaded parts. One advantage of using RL is that an agent can be trained even though it is not 
known how to optimally inspect the structure. Even if the trained model will not be applied for 
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instance due to safety laws, it can be a valuable insight of when to carry out inspections. 
However, the proposed study is a very simplified example of a real maintenance task. The 
assumption that a real structure behaves like a continuously degrading system might not be valid, 
since the structural system is repaired after an inspection. Moreover, a big problem could be data 
acquisition. Therefore, it would be an interesting task to work together with an aircraft operator 
to find out if the currently measured data can be used as an input for the proposed method. 

Furthermore, the study reveals that using models other than the built-in NN can be beneficial, 
especially if the Q-values change rapidly. Additionally, the training phase which includes the 
reinforcement learning phase and the training of a mathematical surrogate model is shorter 
compared to the start of the art approach. However, the KNN model predicts the Q-values slower 
than the NN model, since distances to all neighbors have to be computed. 

Overall, this work was able to show that Reinforcement Learning has a high potential in tasks 
like SHM. 
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Abstract. The risk communication in a home between a home robot and an occupant must be 
smooth in a way that the home robot does not disturb the occupant lives. In this paper, we 
propose a new method to determine the optimal waiting position considering the personal space 
and the obstacles such as furniture and the occupant’s walking patterns. It is shown that the 
distance to the wall from the occupant in the direction of the home robot and the standing or 
sitting posture affect most on the personal space. Furthermore, this personal space is dependent 
on each individual preference. The performance of the proposed method is much more feasible 
compared with those obtained in our previous approach. 
Introduction 
We observe a significant increase in the number of single person households in all generations. 
Our research group has proposed a new type of living system, called the “Biofied Building,” in 
which a home robot is implemented to support the physical and mental health of an occupant. It 
is one of the important roles for this “Biofied Building” that the danger or the risk of 
environmental health including the structural health has to be communicated with the occupant 
in an appropriate manner. The optimal waiting position of the home robot is one of the key 
factors to be implemented into the system. 

The robot’s activities including this risk communication must be conducted in a way that the 
robot does not disturb the occupant lives. In our previous studies ([1], [2]), the following simple 
two rules have been considered to determine the robot waiting position: 
1) Keep the appropriate distance from obstacles and the occupant 
2) Choose areas where the occupant walking frequency is low 
However, the optimal waiting positions often cannot be determined because the whole walking 
history should be reflected in the potential field to determine the waiting positions. Furthermore, 
the appropriate distance from an occupant is typically determined on a trial and error basis and 
the effects of individual and environmental differences are not considered.  

A method to determine the optimal position and distance is determined in this paper for 
smooth communication between an occupant and a home robot considering personal space and 
environmental factors. Furthermore, we propose a new method to use a repulsive potential field 
based on the probability of choosing the next walking path, which is predicted based on the 
occupant’s current position, instead of using the occupant’s whole walking history. We first 
extracted the factors that affect the personal space for communication based on experiments. As 
a result, we reveal that the distance to the wall behind the robot and the occupant posture 
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(standing/sitting) affect the interaction distance. Thus, the personal space descriptions can be 
generalized using these two factors. 

A series of experiments were conducted to show the validity and versatility of the proposed 
method. The proposed method could reliably estimate appropriate waiting positions of a home 
robot while avoiding collision.  
Proposed method 
The optimal waiting position of a home robot is determined considering the following two areas. 
1) The area where the occupant can comfortably communicate with the home robot. This area is 

determined considering a personal space that is defined for each individual and walking 
paths. This favorable area is modeled by an attractive potential. The potential values are 
dependent on the probability of the occupant walking patterns. 

2) The area where the robot is not able to access due to the obstacles such as furniture and the 
occupant, and the area where the access of the robot is not allowed. The prohibited areas 
include bathrooms and closets. This inaccessibility is modeled by a repulsive potential. The 
potential values are dependent on the distance to the obstacles. 

We employed the personal space defined by the model proposed in the reference [3]. The size 
of this area is dependent on the individual preferences, the environments and the other 
conditions. This space is thus person-dependent. When the personal space is determined, the 
attractive area is defined by the area close to the boundary of the personal space. This attractive 
area is assumed to be only available in front of the occupant as described by a blue colored area 
in Fig. 1. In the figure, the occupant is depicted by a simple symbol described in Fig. 2. 

To calculate the repulsive potential, we need to know the position of furniture, the area where 
robot is not able to approach and the occupant walking patterns. The position of furniture and the 
area will be pre-assigned. Thus, the important process for us is to predict the occupant walking 
patterns. We employed a random walk model to represent the walking patterns that allows the 
occupant move into forward, right, backward and left with a certain probability. In our 
simulation, we assume that the probability to move to the destination at each step is 60%, 65%, 
or 70%. A simulation example is shown in Fig. 3. 

The flowchart of estimating the optimal waiting position for a home robot is presented in Fig. 
4. The lower the potential field, the more suitable the home robot will be. The total potential is 
represented by the repulsive potential minus the attractive potential. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Definition of personal space[3] and attractive area 
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Figure 2 An occupant illustration showing the body and face directions 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Simulated occupant walk using random walk with higher weights to the destination 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Flowchart of determining optimal waiting position for a home robot 
 

Experimental evaluation of personal space and attractive area 
The size of the personal space is dependent on several parameters. To identify the key 
parameters for our home robot, a series of experiments were conducted. The specifications of our 
prototype home robot are depicted in Table 1. The photo of the robot is shown in Fig. 5. The 

Body 
direction Face 

direction

60％ 65％ 70％

Start

Attractive potential
1) Acquisition of resident’s location
2) Determine attractive area using personal space
3) Calculation of attractive potential

Synthesis of potentials

Determining the optimal waiting position

End

Repulsive potential
1) Prediction of the next path of the resident
2) Calculation of repulsive potential
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Distance to the wall

experimental setup is presented in Fig. 6. The parameters considered in the experiments are 
posture, sex, height of the subjects. In addition, among a subject’s life patterns, if he or she was 
living with a pet or not was also considered. For a home robot, approach direction of front and 
side was considered. The distance between the occupant and the wall was also considered as 
shown in Fig. 6. 

The total number of the subjects is 19, 13 males and 6 females of low twenties. It turned out 
that the most dominant parameters are posture (sit or standing) and the distance to the wall. The 
width of the attractive area around the personal space was set +30 cm and –30 cm determined 
from the standard deviation as represented by the blue area in Fig. 1. 
 

Table 1 Specification of the robot used for experiments 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 Prototype home robot e-bio Tβ v2 

 
 
 
 
 
 
 
 
 
 
 

Figure 6 Experimental setup for evaluating factors affecting personal distance 

Items Values
Size (mm) 396(W)×320(D)×540(H)

Wheel diameter (mm) 150
Maximum speed (ms) 5.0

Micro-controller Mbed LPC1768
Longest running time (hours) 3.5

Motor-wheel connection Pulleys and belts
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WIC

Bath 
room

Entrance

Kitchen
WIC

Bath 
room

Bed

Table

Table Storage

Storage

Storage

High

Low

Simulation of optimal waiting positions 
A simulation was conducted for the room depicted by Fig. 7. Kitchen, bath rooms and walk-in 
closet are the areas where the home robot can not approach. This room is chosen from the 
database CASAS (Center for Advanced Studies in Adaptive Systems)[4],[5] in which the life 
patterns for the duration of two months are recorded. Using the recoded patterns, the probability 
of the next walking direction was predicted using a Markov model. To consider the variation, the 
random walk depicted by Fig. 3 were employed. 

In Fig. 8, an example is shown. The left result is based on the conventional method[4] where 
all the walking patterns are included to determine the repulsive potential and no attractive 
potential is considered. The right result is based on the proposed method. Two red areas indicate 
the optimal waiting positions suggested by the current method. It is clearly shown that the wider 
and more appropriate waiting area is available using the proposed method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7 Floor plan of the house used for simulation 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8 Potential map using a conventional method (left) and the proposed method (right) 
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Concluding remarks 
A significant increase is observed in the number of single person households in all generations in 
Japan. We have been working on preventing the danger or the risk of environmental health 
including the structural health has to be communicated with the occupant in an appropriate 
manner. This research is aimed at planning the optimal waiting position of the home robot for 
communicating with the occupant. 

The optimal waiting position was determined in such a way that the robot will be in the 
favorable area with respect to the occupant’s personal space and does not interfere with the 
obstacles. The furniture and the walking paths of the occupant are the most important obstacles 
to be considered. In our previous studies, we only considered the obstacles and did not include 
the personal space to decide the optimal position. In addition, the occupant’s walking patterns 
were described by a probability distribution using all walking histories. Thus, it took a lot of time 
and data to decide the positions. In this study, the prediction of walking path is implemented 
using a Markov model based on the available walking patterns recorded by the time of 
prediction. In this paper, simulations were based on the data provided by the CASAS database. It 
was shown that the performance of the proposed method was much more feasible and flexible 
than those obtained using our previous approach. 
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Abstract. When designing a building's active vibration control, it is necessary to properly 
evaluate the effect on the control effect caused by changes in vibration characteristics due to 
aging deterioration and damage. However, although the previous designs have certain robustness 
against changes in vibration characteristics, they have insufficient on these control effect. In this 
paper, we establish a method based on deep learning to identify changes in vibration 
characteristics. Using this method, we can achieve to prevent reduction of the active control 
effect. 
Introduction 
In Japan, many buildings built after the 
period of high economic growth have already 
been shaken by numerous earthquakes, have 
become damaged and deteriorated, and are 
now under pressure to be repaired or 
renewed. Changes in vibration characteristics 
due to aging deterioration and damage have 
adverse effects on seismic-resistant buildings 
and seismic controlled buildings. 

In particular, in the case of active control, 
control is tuned based on the state equation, 
which includes the vibration characteristics 
of the structure. Therefore, when aged 
deterioration or damage occurs, the state 
equation and the actual situation are 
inconsistent, which leads to a reduction in 
control effect. 

To prevent such a reduction in control 
effect, we must identify the vibration 
characteristics of the structure and reflect them in the equation of state. However, some reports 
show that the mainstream identification methods have the following problems: The identification 
accuracy of damping, which has a significant effect on active control, is unstable and varies 

 
Figure 1 Analytical model of a MDF structure 
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widely [1], [2]. At present, although we can use a passive control device such as an oil damper 
jointly [3] to prevent the reduction of the control effect due to such unexpected changes in 
vibration characteristics, a fundamental solution has not been achieved. 

In this paper, we establish a method based on deep learning to identify changes in vibration 
characteristics due to aging deterioration and damage. Using this method, we can achieve to 
prevent reduction of the active control effect. 
Mathematical Model 
Figure 1 shows an analytical model of a multi-degree-of-freedom structure with active vibration 
control devices. The equation of motion corresponding to Fig. 1 is expressed by Eq. 1.  
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𝑀𝑀𝑆𝑆, 𝐶𝐶𝑆𝑆, and 𝐾𝐾𝑆𝑆 are symmetric matrices of 𝑁𝑁 × 𝑁𝑁 used to represent mass, damping coefficient, 

and stiffness coefficient. We convert the equation of motion into a state-space equation as Eq. 2. 
Simultaneously, considering the versatility, we choose an electromagnetic force linear actuator 
as the active vibration control device. Therefore, the control force 𝑢𝑢 of the device is expressed by 
Eq. 3, where 𝐼𝐼 is the control current, and γ, 𝜎𝜎 are the actuator coefficient. 
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𝐼𝐼 ̇                                                                                                                             (3) 

The state-space representation of our system is in the following equation. 
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𝐶𝐶1 and 𝐷𝐷12 are observation matrixes with 2𝑁𝑁 + 3 rows and  𝑛𝑛 columns (𝑛𝑛 is the number of 

observations). We show the above relationship in the block diagram of state feedback control, as 
Fig. 2. 

According to the H∞ control theory, we assume that the feedback control law conforms to the 
following equation [4]. 
 

𝑢𝑢 = −Σ−1ΘX                                                                                    (9) 
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Figure 2 Block diagram of state feedback control 

where 
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�                                                                                                                   (10) 

 
We can calculate 𝑃𝑃 by solving the following Riccati equation to obtain the optimal feedback 

control law. 
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Figure 3 Block diagram of state feedback control based on deep learning  

when vibration characteristics changed 
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This optimal feedback control law can play a significant role when the vibration 
characteristics of the structure we obtain are accurate. However, if the vibration characteristics 
change due to aging degradation or damage over time, the control status will be shown by the 
solid line in Fig. 3. 

Here, the index # in the symbol means the vibration characteristics before the change. In this 
status, we calculate the control force 𝑢𝑢 through an inaccurate feedback control law. Therefore, 
the control effect we get is not optimal, and may even have the opposite effect.  

Although we can use some methods such as the Kalman filter, it requires the assumption that 
error information is known in advance, the accuracy of identification is not impeccable in this 
situation. Therefore, we try to use deep learning to identify accurate vibration characteristics. As 
shown in Figure 3, we compare the output before and after the change and input them into a 
convolutional neural network(CNN) shown in Fig. 4. 
 

 
Figure 4 CNN architecture for identifying vibration characteristics 

 
We use unsupervised learning [5] to adjust the parameter in the neural network.  The regression 

losses function is shown in Eq. 13. 
 

𝐿𝐿(𝑥𝑥) = �1
𝐿𝐿
� {𝑌𝑌[𝜑𝜑(𝑥𝑥)]# − 𝑌𝑌}2𝐿𝐿

𝑖𝑖=1                                                          (13) 

 
where 𝐿𝐿 is the input ground motion duration and 𝜑𝜑 is the output function of the CNN. We can 

also use Eq. 14 to calculate the half mean square error between the result of the CNN and the 
accurate characteristics to evaluate the learning effect after training. 
 

𝐸𝐸(𝑥𝑥) = 1
2
∑∑{𝜑𝜑(𝑥𝑥) −Φ}2                                                                                    (14) 

 
where Φ are the accurate value of vibration characteristics changed due to degradation and 

damage.  
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Numerical study 
We use a multi-degree-of-freedom structure simulation to confirm the effect of the proposed 
method. The structural characteristics of the model are shown in Table 1. 

We use the Rayleigh damping shown in Eq. 15 as the damping coefficient of the structure. 
The damping coefficient of the AMD is set to the optimum damping, according to Eq 16. 

Table 1 Structural characteristics of model 
Story Mass[kg] Stiffness[N/m] Damping 

1 2000 250000 Rayleigh Damping, 
1h=0.02, 
2h=0.02 

2 2000 250000 
3 2000 250000 
4 2000 250000 

AMD 320 62500 Optimal tuning 
 

[𝐶𝐶] = 𝑎𝑎0[𝑀𝑀] + 𝑎𝑎1[𝐾𝐾]                                                       
𝑎𝑎0 = 2 𝜔𝜔1 ∙ 𝜔𝜔2 ( ℎ1 𝜔𝜔2 − ℎ2 𝜔𝜔1 ) ( 𝜔𝜔2 2 − 𝜔𝜔1 2)�
𝑎𝑎1 = 2( ℎ2 𝜔𝜔2 − ℎ1 𝜔𝜔1 ) ( 𝜔𝜔2 2 − 𝜔𝜔1 2)�                  

�                                     (15) 

 
where 𝜔𝜔 is the natural circular frequency of the structure. 

 

ℎ𝑜𝑜𝑜𝑜𝑜𝑜 = � 3𝜇𝜇
8(1+𝜇𝜇)

                                                                              (16) 

 
where 𝜇𝜇 is the mass ratio of the AMD and the structure. 

 
We generate an artificial seismic wave by the non-stationary Kanai-Tajimi model[6] shown in 

Eq. 17 as the input ground motion. 
 

𝐺𝐺(ω) =
1+4𝜂𝜂2( 𝜔𝜔

𝜔𝜔𝑔𝑔
)2

(1−𝜔𝜔
2

𝜔𝜔𝑔𝑔2
)2+4𝜂𝜂2( 𝜔𝜔

𝜔𝜔𝑔𝑔
)2
𝐺𝐺0                                                                              (16) 

where 𝜔𝜔𝑜𝑜 is the unique peak of the spectrum, here is 0.5, 𝜂𝜂 is the sharpness of the peak, and 
𝐺𝐺0 is the constant power spectral intensity of the excitation. Fig. 5 shows the Fourier spectrum 
and the acceleration record of the input ground motion. 

The dynamic response of the 4th story with and without the AMD is shown in Fig. 6. We have 
confirmed that the effect of the AMD is very significant from Fig. 6. Nevertheless, when the 
structural characteristics change, the AMD control effect will become shown in Fig. 7. 
According to the conclusions of references [7] and [8], we can know that the structure’s stiffness 
reduction factor can reach 0.5 or less after a big earthquake. Therefore, we assume the stiffness 
reduction factor of the whole model to be 0.5. Comparing Fig. 6 and Fig. 7, we find that the 
dynamic response becomes large. That is because the structure’s first natural frequency is closer 
to the input ground motion’s dominant frequency. Although we expect the AMD to provide a 
vibration reduction effect, the AMD makes the structure’s response larger. In other words, the 
AMD, which can reduce vibration, brings a harmful effect on the structure after vibration 
characteristics changed. Consequently, when aged deterioration and damage occurs, it leads to a 
reduction of the control effect. 
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Figure 5 Input ground motion, (left) Fourier spectrum, (right) Acceleration records 

  

  

  

Figure 6 Dynamic response before 
vibration characteristics changed 

Figure 7 Dynamic response after  
vibration characteristics changed 

We create a convolutional neural network, whose architecture is shown in Table 2, and train it 
to estimate the accurate value of vibration characteristics. Fig. 8 shows the training regression 
loss of dynamic response and the heteroscedasticity-adjusted mean squared error(HMSE) of 
vibration characteristics. We stop the training after 2000 epochs because the results are excellent. 

The dynamic response of the 4th story with and without the AMD after training is shown in 
Fig. 9. Comparing with Fig. 7, the control effect of the AMD has increased significantly. 
Comparing the optimal results of the AMD when using reduced vibration characteristics as the 
original parameter, we find that the two results are precisely the same. It proves that we can 
maintain the optimal control effect by using our method even if the structure’s vibration 
characteristics are changed. 
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Table 2 Architecture of the CNN 
Layer Type Activations Learnable Parameters Total Learnable Parameters 

1 Input 5×1×1 - 0 

2 Convolution 5×1×16 Weights 3×1×1×16 
Bias        1×1×16 64 

3 Tanh 5×1×16 - 0 

4 Convolution 5×1×32 Weights 3×1×16×32 
Bias        1×1×32 1568 

5 Tanh 5×1×32 - 0 

6 Convolution 5×1×64 Weights 3×1×32×64 
Bias        1×1×64 6208 

7 Tanh 5×1×64 - 0 

8 Convolution 5×1×32 Weights 3×1×64×32 
Bias        1×1×32 6176 

9 Tanh 5×1×32 - 0 

10 Convolution 5×1×16 Weights 3×1×32×16 
Bias        1×1×16 1552 

11 Tanh 5×1×16 - 0 

12 Convolution 5×1×4 Weights 3×1×16×4 
Bias        1×1×4 196 

13 Tanh 5×1×4 - 0 

14 Convolution 5×1×1 Weights 3×1×4 
Bias        1×1 13 

15 Tanh 5×1×1 - 0 
16 Regression   - 0 
 

 
Figure 8 Training regression loss and the HMSE 

Summary 
We discussed the changes in the state-space representation of a structure-AMD system before 
and after the vibration characteristics change due to aging deterioration and damage. After the 
vibration characteristics change, the AMD, which was tuned to the optimal control by us, will 
deteriorate the active control effect. 

We established a method using the convolutional neural network to identify the accurate 
characteristics after the change and compared the control effect before and after. Using our 
method, we successfully achieved the goal of maintaining the control effect. 
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Figure 9 Dynamic response after training 
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Abstract. Health monitoring systems are used to assess building damage immediately after an 
earthquake and have become widely utilized in Japan. For example, the system developed by the 
authors has been installed in more than 60 buildings since 2014. Such systems mostly rely on 
accelerometers to estimate the building performance. Recently, Micro electro mechanical system 
(MEMS) accelerometers have been increasingly applied for such uses due to their economic 
advantages. However, MEMS accelerometers are known to have relatively low measurement 
accuracy for certain frequency band excitations compared to servo type accelerometers. Past 
research has been undertaken to test their measurement accuracy, however, few studies review 
their performance under long period and large amplitude seismic motions. Evaluation of 
measurement accuracy in such conditions is essential since the system is also installed in tall 
buildings and isolated buildings with relatively long natural periods. Therefore, this study 
evaluates the measurement accuracy of the MEMS accelerometer under long period and large 
amplitude vibration based on the results of shake table testing. 
Introduction 
In recent years large earthquakes have occurred relatively often in Japan, and many more people 
are interested in building safety. From a Business Continuity Plan (BCP) perspective, the 
monitoring system have been widely utilized to help assess damage immediately after an 
earthquake. The authors developed a health monitoring system using accelerometers in 2014. This 
system has been installed in more than 60 buildings and the validity of the system has been verified 
(Ishizaki, Imaeda, Harada, Shinohara, 2018).  

The monitoring system is also installed in high-rise buildings and isolated buildings with 
relatively long natural periods. In this condition, the accuracy of accelerometer measurement for 
long period and large amplitude vibrations is important. Recently, Micro electro mechanical 
system (MEMS) accelerometers have been increasingly applied for monitoring systems due to 
their economic advantages. However, MEMS accelerometers are known to have relatively low 
measurement accuracy for certain frequency band excitations compared to servo type 
accelerometers. Although past research has been undertaken to test the measurement accuracy of 
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MEMS accelerometers, few studies review their performance under long period and large 
amplitude seismic motions. This study evaluates the measurement accuracy of the MEMS 
accelerometer under long period and large amplitude vibration based on the results of shake table 
testing. 
Methods 
The experiment equipment comprises a shaking table and eight accelerometers. The shaking table 
used is a linear motor active mass damper produced by IHI Infrastructure Systems Co., Ltd. These 
dampers are usually installed in tall buildings to provide supplementary damping, but were chosen 
for this test setup because they can simulate long period and large amplitude vibration with high 
accuracy.  Table 1 shows the specifications of accelerometers used in this test. Five accelerometers 
(id101-103 and SU202-2, SU202-3) are MEMS accelerometers and one (SU501-1) is a servo type 
accelerometer. The servo type sensor (K1, K2) was used as reference accelerometer. The eight 
accelerometers were installed as shown in figure 2.  
 

 
 

Figure 1: Linear motor active mass damper [3] Figure 2: Installation setup  of the sensors 
 

Table 1: Accelerometer specifications 

 

 
Eighteen cases were tested (Table 2). Sine waves and simulated earthquake motion were 

employed as inputs of the shake table testing. Measurement accuracy was assessed with several 
frequency cases and amplitude cases to detect frequency dependence and amplitude dependence.  
Ten waves are provided for one set. In total, 10 sets are implemented to evaluate the measurement 
accuracy. Simulated earthquake motion were used to evaluate measurement accuracy for actual 
building response. Tall buildings and isolated buildings were assumed in this test. 
 
 
 
  

Sensor name id101,id102,id103 SU501-1 SU202-2, SU202-3
K1, K2

(reference accelerometer)

Type MEMS Servo MEMS Servo

Freaquency range 0.1～50Hz DC～30Hz DC～50Hz DC～500Hz

Number of channels 3 channnels 3 channnels 3 channnels 1 channnel

Measuring range ±2G ±4G ±2G ±2G／±4G
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Table 2: Shaking table test cases 

 

 
Shaking table test results 
Measurement accuracy for accelerometers 
Since the raw data of the shake table tests includes noise in high and low frequency range, data 
treatment using Band-pass filter (BPF) is usually required to remove the influence of noise. Figure 
3 shows specifications of the BPF. Also, Hanning windows were applied to remove the influence 
of disordered vibration observed at the beginning and end of the waveform because of the shake 
table characteristics.  

Evaluation of measurement accuracy for acceleration was performed as follows; 
1. Apply the Hanning window function to remove the influence of the beginning and end of the 

waveform  
2. Apply Fourier transform 
3. Apply BPF to remove the influence of high and low frequencies noise 
 

 

 
 

 

Figure 3: The specification of BPF 

Freaquency Period Amplitude Number of analyzes

[Hz] [sec] [m]
1 X 0.10 10 10
2 Y 0.10 10 10
3 X 0.13 8 10
4 Y 0.13 8 10
5 X 0.17 6 10
6 Y 0.17 6 10
7 X 0.17 6 10
8 Y 0.17 6 10
9 X 0.25 4 10
10 Y 0.25 4 10
11 X 0.17 6 10
12 Y 0.17 6 10
13 X 0.25 4 10
14 Y 0.25 4 10

15-1 X 0.20 1

15-2 X 0.40 1

16-1 X 0.35 1

16-2 X 0.70 1

Simulated earthquake motion
（isolated buildings）

Simulated earthquake motion
（isolated buildings）

Simulated earthquake motion
（tall buildings）

Simulated earthquake motion
（tall buildings）

No

0.60

0.40

Direction

1.00

Natural period of
target wave

[sec] A B C D

6 ≦ T 0.1 0.125 25 27

6 ＞ T 0.04 0.05 25 27

Cut off Freaquency [Hz]
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a) The Hanning window function b) Remove the influence of disorder at start and end 
Figure 4: The data processed by The Hanning window function 

 
The measurement accuracy of the acceleration is evaluated by using the ratio of the maximum 

value of the acceleration Fourier spectrum to the reference. The data from the reference 
accelerometer is used as a reference. First, the ratio for each of the 10 waves in one set of the 
experiment was calculated. Second, the mean value of the ratio of the 10 waves was determined. 
Then, the mean and standard deviations of the 10 sets of experiements were calculated. Table 3 
shows the mean and standard deviations of the ratios of the maximum acceleration values of the 
Fourier spectrum in each test case. The average of the maximum values is no less than 0.975 in all 
cases. Also, the standard deviations show low values, no more than 0.0002537. These results 
indicate that the MEMS acceleration sensor can have almost the same measurement accuracy as 
the reference accelerometer. Additionally, no particular difference is observed between the test 
cases for the X direction and Y direction. This result suggests that there is no sensitivity of the 
measurement accuracy to direction of excitation. 

Figure 5 shows the relationship between the frequency and the mean acceleration maximum 
value ratios. There appears to be no remarkable relationship although the variation tends to 
become somewhat larger at low frequencies. Figure 6 shows the relationship between the 
amplitude and the mean acceleration maximum value ratios.  

No remarkable relationship was observed between the amplitude and the measurement 
accuracy, although the variation tends to slightly increase as the amplitude increases. Given these 
results, it has been confirmed that the MEMS acceleration sensor can accurately measure the 
acceleration even for a large amplitude vibrations of 1 m and vibration periods of 10 seconds. 
 

Table 3: Mean and standard deviations of the ratios of the maximum acceleration values 

 

mean Deviation mean Deviation mean Deviation mean Deviation mean Deviation mean Deviation

1 100 0.10 X 0.9893 1.579E-04 0.9874 2.442E-05 0.9892 1.953E-05 0.9963 5.900E-05 0.9862 6.587E-05 1.0102 8.205E-05
2 100 0.10 Y 0.9760 2.021E-04 0.9771 1.563E-05 0.9782 2.224E-05 1.0135 1.469E-05 0.9858 2.535E-05 0.9946 3.324E-05
3 100 0.13 X 0.9890 2.537E-04 0.9873 3.986E-05 0.9892 4.036E-05 0.9962 4.400E-05 0.9862 4.270E-05 1.0102 5.604E-05
4 100 0.13 Y 0.9759 1.386E-04 0.9772 1.967E-05 0.9782 2.233E-05 1.0135 1.837E-05 0.9858 5.192E-05 0.9945 5.602E-05
5 100 0.17 X 0.9895 8.425E-05 0.9877 3.746E-05 0.9895 3.373E-05 0.9962 3.041E-05 0.9862 3.526E-05 1.0102 3.717E-05
6 100 0.17 Y 0.9762 2.285E-04 0.9776 3.980E-05 0.9787 3.873E-05 1.0135 1.351E-05 0.9858 2.969E-05 0.9945 1.589E-05
7 60 0.17 X 0.9893 5.084E-05 0.9875 2.375E-05 0.9894 2.192E-05 0.9962 1.603E-05 0.9862 3.314E-05 1.0102 2.158E-05
8 60 0.17 Y 0.9761 6.675E-05 0.9775 1.925E-05 0.9786 1.934E-05 1.0135 8.924E-06 0.9858 4.518E-05 0.9946 2.071E-05
9 60 0.25 X 0.9900 1.006E-04 0.9882 2.497E-05 0.9901 3.341E-05 0.9962 9.673E-06 0.9862 1.673E-05 1.0102 1.514E-05
10 60 0.25 Y 0.9767 6.861E-05 0.9781 3.099E-05 0.9792 3.243E-05 1.0135 8.963E-06 0.9858 1.793E-05 0.9946 1.523E-05
11 40 0.17 X 0.9891 7.571E-05 0.9872 3.858E-05 0.9891 4.089E-05 0.9963 1.419E-05 0.9861 4.811E-05 1.0102 5.528E-05
12 40 0.17 Y 0.9757 6.462E-05 0.9770 6.052E-06 0.9781 4.528E-06 1.0136 5.079E-05 0.9858 6.177E-05 0.9946 6.198E-05
13 40 0.25 X 0.9894 1.715E-04 0.9876 2.119E-05 0.9894 2.409E-05 0.9962 9.369E-06 0.9862 2.024E-05 1.0102 1.931E-05
14 40 0.25 Y 0.9761 7.376E-05 0.9775 9.610E-06 0.9786 1.450E-05 1.0135 5.446E-06 0.9858 1.488E-05 0.9946 2.801E-05

Case
No.

Amplitude
[cm]

Freaquency
[Hz]

Direction
SU202-3id103 SU501-1 SU202-2id101 id102
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a) id101 b) SU202-2 a) id101 b) SU202-2 
Figure 5: The relationship between the 

frequency and the measurement accuracy 
(Direction X) 

Figure 6: The relationship between the 
amplitude and the measurement accuracy 

(Direction X) 
 
Measurements accuracy for displacement 
BPF was also applied for the evaluation of measurement accuracy for the displacement to remove 
the influence of high and low frequency noise. The specification of the BPF is the same as the one 
used for the evaluation of measurement accuracy for acceleration (figure 3). Then, the 
displacement is calculated by the second integral and the inverse Fourier transform. 

Evaluation of measurement accuracy for displacement is performed as follows; 
1. Apply Fourier transform 
2. Apply BPF to remove the influence of high and low frequency noise 
3. Convert to displacement data by second-order integration 
4. Apply inverse Fourier transform to calculate displacement time history waveform 

 
Additionally, the displacement data of the linear motor active mass damper was processed as 

follows. 
1. Apply Fourier transform 
2. Apply BPF to remove the influence of high and low frequency noise 
3. Apply inverse Fourier transform to calculate displacement time history waveform 

 
The measurement accuracy for the displacement is evaluated by using the ratio of the maximum 

value to the reference. The displacement data of the linear motor active mass damper (D) is used as 
a reference. First, the positive and negative maximum values of the time history waveform were 
extracted as shown in Figure 7. Second, the ratio of each maximum values to those of the reference 
were determined. Third, the mean value of the ratios for 10 waves was calculated. Then, the mean 
and standard deviations of the 10 sets of experiments were calculated.   

The average of the maximum ratio values is no less than 0.9986 and no more than 1.0409 in all 
cases. Also, the standard deviation show low values, no more than 0.002757. These results indicate 
that the MEMS acceleration sensor has a high measurement accuracy for displacement. 
Furthermore, no particular difference is observed between the test cases with X direction and the Y 
direction. This result again indicates that there is no sensitivity of the measurement accuracy to 
excitation direction. 

Figure 8 shows the relationship between frequency and average displacement maximum value 
ratio. As is seen in the results of the measurement accuracy of acceleration, the standard deviation 
tends to increase at low frequencies. This tendency is more significant in the results of the 
measurement accuracy for the displacement. Figure 9 shows the relationship between amplitude 
and average displacement maximum value ratio. The accuracy and the variation tend to increase at 
large amplitudes. This tendency is more remarkable than that of the acceleration results, although  
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it should be noted that the variation is very small even in the case of large amplitude. Given these 
results, it has been confirmed that the MEMS acceleration sensor can accurately measure the 
acceleration even for large amplitude vibrations of 1 m and vibration periods of 10 seconds.  

Therefore, it is concluded that the MEMS acceleration sensor has sufficient measurement 
accuracy as a sensor used for monitoring systems for both accelerations and displacements. The 
MEMS acceleration sensor can be applied to buildings in which long period and large amplitude 
vibrations occur. 
 

 

Figure 7: The evaluation method for displacement 
 

Table 4: Averages and standard deviations of the ratios of the maximum displacement values 

 

 

   

a) id101 b) SU202-2 a) id101 b) SU202-2 
Figure 8: The relationship between the 

frequency and the measurement accuracy 
(Direction X) 

Figure 9: The relationship between the 
amplitude and the measurement accuracy 

(Direction X) 
 
Measurements accuracy for simulated earthquake motion 
Similar to the previous assessments, BPF was applied to remove the influence of high and low 
frequency noise for the evaluation of measurement accuracy for simulated earthquake motions. 
The specifications of the bandpass filter are also the same (figure 3) those of the accuracy 
verification for under 6 seconds. The displacement data was calculated by second-order 
integration of the acceleration data. 

Evaluation of measurement accuracy for displacement was performed as follows; 
1. Apply Fourier transform 

mean Deviation mean Deviation mean Deviation mean Deviation mean Deviation mean Deviation mean Deviation

1 100 0.10 X 1.0190 1.857E-03 1.0170 1.782E-03 1.0189 1.779E-03 1.0263 1.931E-03 1.0158 1.892E-03 1.0406 1.980E-03 1.0300 1.785E-03
2 100 0.10 Y 1.0024 1.679E-03 1.0034 9.165E-04 1.0046 9.311E-04 1.0409 1.285E-03 1.0124 1.199E-03 1.0214 1.285E-03 1.0270 1.005E-03
3 100 0.13 X 1.0168 2.757E-03 1.0151 2.323E-03 1.0170 2.364E-03 1.0244 1.455E-03 1.0140 1.395E-03 1.0387 1.575E-03 1.0281 2.522E-03
4 100 0.13 Y 1.0010 1.685E-03 1.0023 7.810E-04 1.0034 8.360E-04 1.0396 1.221E-03 1.0112 1.163E-03 1.0201 1.143E-03 1.0257 8.389E-04
5 100 0.17 X 1.0158 7.968E-04 1.0139 7.458E-04 1.0158 7.564E-04 1.0227 3.143E-04 1.0124 3.186E-04 1.0370 3.356E-04 1.0265 7.381E-04
6 100 0.17 Y 1.0002 7.836E-04 1.0017 4.691E-04 1.0028 4.740E-04 1.0384 2.026E-04 1.0101 2.317E-04 1.0190 3.565E-04 1.0246 4.833E-04
7 60 0.17 X 1.0155 1.086E-03 1.0137 1.107E-03 1.0156 1.111E-03 1.0226 3.477E-04 1.0123 3.521E-04 1.0369 3.786E-04 1.0265 1.092E-03
8 60 0.17 Y 0.9995 9.682E-04 1.0009 8.506E-04 1.0020 8.630E-04 1.0378 2.095E-04 1.0095 2.319E-04 1.0184 2.501E-04 1.0239 8.879E-04
9 60 0.25 X 1.0149 1.449E-03 1.0131 1.423E-03 1.0150 1.429E-03 1.0213 2.931E-04 1.0110 3.050E-04 1.0356 3.159E-04 1.0251 1.399E-03
10 60 0.25 Y 0.9998 1.353E-03 1.0013 1.202E-03 1.0024 1.202E-03 1.0374 1.719E-04 1.0091 2.003E-04 1.0180 2.219E-04 1.0236 1.226E-03
11 40 0.17 X 1.0137 2.182E-03 1.0118 2.178E-03 1.0137 2.181E-03 1.0212 4.216E-04 1.0109 4.289E-04 1.0355 4.646E-04 1.0249 2.195E-03
12 40 0.17 Y 0.9986 1.605E-03 1.0000 1.598E-03 1.0011 1.603E-03 1.0373 1.751E-04 1.0090 2.084E-04 1.0179 2.330E-04 1.0235 1.636E-03
13 40 0.25 X 1.0135 1.120E-03 1.0116 1.107E-03 1.0135 1.112E-03 1.0204 3.849E-04 1.0102 4.187E-04 1.0347 4.237E-04 1.0243 1.124E-03
14 40 0.25 Y 0.9990 9.684E-04 1.0004 9.493E-04 1.0015 9.379E-04 1.0372 2.359E-04 1.0089 2.599E-04 1.0178 2.608E-04 1.0234 9.546E-04
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2. Apply BPF to remove the influence of high and low frequency noise 
3. Convert to displacement data by second-order integration 
4. Apply inverse Fourier transform to calculate displacement time history waveform 

The measurement accuracy is evaluated for simulated earthquake response by using the ratio of 
the maximum value to the reference. The ratio of the Fourier spectrum maximum value to the 
reference is calculated to evaluate measurement accuracy for acceleration. The ratio of the 
displacement maximum value of the time history data to the reference is calculated to evaluate 
measurement accuracy for displacement. Reference servo accelerometer was used as the reference 
for acceleration evaluation, and the displacement data of linear motor active mass damper was 
used as the reference for displacement evaluation. 

The displacement maximum values in each test case are shown in Table 5. The maximum ratio 
of acceleration is no less than 0.986 and no more than 1.012. The maximum ratio of displacement 
is no more than 1.0379. Therefore, the MEMS acceleration sensor appears to have high 
measurement accuracy for both acceleration and displacement for simulated earthquake response. 
Note that the maximum deviation of test case 16-1 is larger than the value mentioned above. 
However, it should be excluded from consideration because of the lack of measurement in the 
latter half of the data. 
 

Table 5: The ratios of the maximum values 

 

  

Figure 10: Comparison of acceleration wave 
（Case No.15-2） 

Figure 11: Comparison of displacement wave 
（Case No.15-2） 

 
Conclusions 
The evaluation of measurement accuracy of MEMS sensor for long period and large amplitude 
vibrations is concluded as follows; 
 

・ The results of the experiments indicate that MEMS acceleration sensors show great 
agreement in terms of measurement accuracy compared to reference servo type 
acceleration sensors for acceleration and displacement. 

 
・ While as the period becomes longer and the amplitude becomes larger, the variation in 

measurement accuracy tends to increase. It is possible to accurately measure vibration 
amplitudes as large as 1 m and long period vibrations of 10 seconds.  

Acceleration Displacement Acceleration Displacement Acceleration Displacement Acceleration Displacement Acceleration Displacement Acceleration Displacement

15-1 0.989 1.0107 0.987 1.0102 0.989 1.0121 0.997 1.0184 0.987 1.0077 1.012 1.0326

15-2 0.989 1.0139 0.987 1.0129 0.989 1.0148 0.996 1.0213 0.986 1.0112 1.010 1.0356

16-1 0.990 1.0134 0.987 1.0100 0.989 1.0119 0.921 1.0204 0.912 1.0098 0.934 1.0346

16-2 0.989 1.0163 0.987 1.0141 0.989 1.0160 0.997 1.0234 0.987 1.0131 1.011 1.0379
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・ It is possible to measure vibrations that simulates an earthquake response accurately. 

 
・ The MEMS acceleration sensor has sufficient measurement accuracy for use in 

monitoring systems. 
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Abstract. U-bolts are critical points of maintenance in pipeline facilities supported by girders of 
bridges. However, it is difficult to detect loosened U-bolts by visual inspection. To avoid this 
problem, we have developed a vibration-based method to detect loosening of bolts based on 
measurements of actual equipment. First, the vibration of a communication pipeline attached to a 
road bridge was measured when vehicles passed over it. During the measurements, the U-bolts 
were set in tightened and loosened states. We found that the frequency changes between the 
tightened and loosened states was too small for practical use. On the other hand, a strong spectrum 
in the high frequency region (above 80 Hz) appeared only in the tightened state. Next, a model 
facility was built to simulate a communication pipeline attached to bridge. A hammering test and 
modal and frequency response analyses were performed by using the finite element method 
(FEM). The results suggested that high frequency peaks appearing only in the tightened U-bolt are 
due to the higher rate of force transfer of the natural frequency from the platform. In addition, the 
pipe is strongly fixed when the U-bolt is tightened, which may lead to stronger high order modes 
that cause complex deformation of the pipe. The conventional method is to detect loosening of 
bolts from changes in the natural frequency. However, in actual equipment, confirming the 
absence of a high-frequency spectrum is more suitable for detecting loosened bolts. 
Introduction 
The pipelines of communication, electricity and gas infrastructure facilities are essential 
equipment of society. It is expensive to build underground tunnels, so pipelines are usually 
attached to girders of road bridges when they cross bodies of water or other roads. Some 
telecommunications and power pipelines are set on support structures of girders and secured by 
U-bolts. The U-bolts are critical maintenance points because of the risk of falling parts. Loose 
bolts are difficult to detect by visual inspection, so the development of an alternative method is 
desired. 

Conventional methods to detecting loose bolts in civil engineering equipment are embedding 
sensors in bolts, vision-based, and vibration analysis. Sensors embedded in bolts can measure the 
tightening force [1, 2]. Although this method is very accurate, the replacement cost of such 
infrastructure equipment in use is high. The vision-based method [3, 4] detects the rotation of the 
bolt heads from the difference between the initial and observed images. This method is cheaper 
than embedding sensors in the bolts, but it requires the bridge to be closed in order to take 
photographs. In this case, scaffolding has to be erected or drones have to be used because there are 
many blind spots under the girders where the pipes are installed. On the other hand, 
vibration-based methods [5, 6] may be cheaper than these methods for bolt detection. This is 
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because dynamic measurements have been possible with optical fibers [7]. In this method, the 
optical fiber in the communication pipes acts as a dynamic sensor. This method could eliminate the 
need for on-site inspections and improve inspection quality.  

The relationship between vibration and bolt loosening needs to be clarified in order to make 
fiber optic monitoring practical. He and Zhu [5] reported natural frequency changes in bolts 
attached to a pipe flange when the bolts were tightened and loosened.  Razi et al. [6] devised an 
energy-based damage index by using empirical mode decomposition of bolts attached to a flange. 
The target applications of these studies are flanges, not U-bolts. In addition, they tested only 
models, and their applicability to actual facilities was not examined. Therefore, in this study, we 
measured U-bolts in actual facilities. On the basis of our results, we propose an optimum looseness 
detection method for U-bolts of pipelines. 
Actual Equipment Measurements 
Method 
The measurement target was a communication pipeline attached to a road bridge in Japan       (Fig. 
1). The main girder of the bridge is made of concrete, and the length is 16 m. The main girder has 
supporting metal to attach the pipeline. The pipes are made of rigid polyvinyl chloride and bonded 
by U-bolts. An accelerometer was installed at the position shown in Fig. 2. Measuring continued 
during the daytime to obtain the acceleration when vehicles passed over the bridge. The sampling 
rate was 1000 Hz. The first half of the measurements were made with the U-bolt tightened, while 
the second half of the measurements were made with the U-bolt loosened. The acquired data were 
analyzed with a fast Fourier transform (FFT). The window function of the FFT was the 
exponential one shown as Eq. 1. 

𝑤𝑤(𝑥𝑥) = 𝑒𝑒
𝑥𝑥 log𝛽𝛽
𝑁𝑁−1 .   (1) 

Here, 𝑤𝑤(𝑥𝑥) is the weight of the window function, 𝑥𝑥 is time, 𝑁𝑁 is the number of data, and 𝛽𝛽 is 
the window function coefficient (𝛽𝛽 = 0.1). 

 

 
Figure 1. Measured communication pipes attached to the bridge [8] 
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Figure 2. Overview of communication pipes attached to the bridge and setup of measurement 

 
Results 
The FFT data of the acceleration in the tightened and loosened states of the U-bolt are shown in 
Fig. 3. Nine waveforms for the tightened state and eight waveforms for the loosened state were 
obtained, which were additively averaged over the frequency domain. The frequency of the 
spectrum maximum was 15.0 Hz for the loosened state and 15.5 Hz for the tightened state, so the 
difference was 0.5 Hz. In addition, spectrum peaks at 88 Hz and 144 Hz occurred only in the 
tightened state. 
 

 
Figure 3. Measured acceleration in tightened and loosened states in actual equipment 

(Expanded view from 50 to 250 Hz is shown in the upper right corner) 
 

Model Facility Experiment 
A model of communication pipes was built for the hammering test and the simulation. The method 
of detecting loosened U-bolts is discussed by comparing the results of the model facility 
experiment and the measurements on the actual equipment. 
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Method 
A 5.5 m pipe made of rigid polyvinyl chloride was placed on a steel platform and bonded by 
U-bolts (Fig. 4). An accelerometer and a strain gauge for the plastic material were attached to the 
surface of the pipe at the center position of the support point. The accelerometer was set in the 
gravity direction, while the strain gauge was set in the bending direction of the pipe. The position 
shown in Fig. 4 was hit with a rubber hammer. The number of tests was 10 in both tightened and 
loosened states, and the results were additively averaged over the frequency domain. 

Modal and frequency response analyses were performed on the experimental results. The 
geometry and conditions of the analyses are shown in Fig. 5, and the contact conditions between 
the pipe and the platform were set to bond. The platform bottoms of the 12 faces were fixed, and 
the damping ratio was set to 1%. The analysis software was Ansys Mechanical 2020 R1. 
 

 
Figure 4. Overview of a model facility 

 

 
Figure 5. Overview of FEM model settings 
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Results of Hammering Test 
Fig. 6 shows the measured accelerations in the tightened and loosened states. Strong peaks 
occurred above 100 Hz when the U-bolt was in the tightened state only. The strain data are shown 
in Fig. 7. Multiple peaks for both tightened and loosened states were observed as in Figure 6. On 
the other hand, the intensity and frequency of the spectrum peaks above 100 Hz were smaller than 
those in Fig. 6. 

 

 
Figure 6. Measured acceleration for tightened and loosened U-bolts 

 

 
Figure 7. Measured strain in tightened and loosened U-bolts 

 
Results of FEM Simulation 
The results of the frequency response analysis are shown in Fig. 8. The normalized spectrum 
strength was defined as the relative strength at which the maximum spectrum strength (20.8 Hz) 
was 1. Strong peaks existed around 21 Hz, 104 Hz and 114 Hz, as in Fig. 6. In addition, there were 
many peaks above 100 Hz, similar to Fig. 6. Therefore, it is considered that the simulation 
reproduced the experimental results. The results of the modal analysis are shown in Fig. 9. They 
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show the relative deformations of the top four peaks above 100 Hz (A to D in Fig. 8). These 
deformations show complex modes such as multiple waves and cross-sectional deformation. 
 

 
Figure 8. Results of frequency response analysis by FEM 

 

 
Figure 9. Results of modal analysis by FEM 
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Discussion 
Measuring the natural frequency shift is the simplest way to detect deteriorations such as loosened 
bolts. In the measurements of the actual facility shown in Fig. 3, the change in natural frequency 
was only 3 %. The natural frequency has a measurement error of 5-10% [9], thus, this amount of 
change is too small for practical use. The change in the natural frequency is proportional to the 
square root of stiffness, so the natural frequency does not change sufficiently without a large 
stiffness change [10]. A previous study [5] reported the natural frequency change was over 15% 
for a bolt attached to the flange of a pipe. The bolts of flanges bear large stresses and contribute 
significantly to the stiffness of a pipe. However, U-bolts bear low stresses and have little impact on 
the stiffness of the pipe, so the change in natural frequency is small in this study.  

Some peaks in the high-frequency region were observed in both the actual and model facilities 
only on the tightened state. Acceleration of the pipe was detected above 100 Hz (Fig. 6), but no 
bending strain was detected (Fig. 7) in that frequency region. These results may indicate that the 
pipe vibrated with no bending, because the rate of force transfer from the platform to the pipe 
increased when the U-bolt was tightened. In addition, the modal analysis of the model facility (Fig. 
9) showed that the strong acceleration peaks above 100 Hz indicate complex deformation as a 
high-order mode of the pipe. Since the U-bolt is a node of the pipe, high order modes cannot 
appear when the fixing force of the node is weak.   

From the above, we propose that confirming the absence of an acceleration response in the high 
frequency region is a more practical method than measuring the change in natural frequency. The 
remaining issue is a dynamic numerical simulation of the tightened and loosened states; it will 
improve the reliability of this method. 
Conclusion 
We examined a method of detecting loosened U-bolts in pipelines attached to bridges from 
vibrations. Actual measurements on a facility, a hammering test of model equipment, and a 
dynamic analysis were carried out. Our findings are as follows: 
・Attempting to detect a change in the natural frequency, which is generally used for the detection 
of deterioration, was not practical, because the change in frequency was too small. 
・Acceleration peaks in the high-frequency region (above 80 Hz) occured only in the case of 
tightened U-bolts. 
It was assumed that the peaks in the high-frequency region reflected the following phenomena: 
・The U-bolt is a node of pipe deformation, so when the fixation with the U-bolt is weakened, the 
deformation is also reduced. 
・The vibration from the platform is transmitted to the pipe. The rate of force transfer from the 
platform to the pipe is higher when the U-bolt is tightened. 
We propose that confirming the absence of acceleration peaks in the high-freqency region is a 

practical method of detecting loosened U-bolts in pipelines. The remaining issue is the dynamic 
simulation of tightening and loosening. Completing the simulation will improve the reliability of 
this method. 
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Abstract. Against the increasing number of single households, we have been proposing the 
“Biofied Building” that provides a safe, secure, and comfortable living space for a resident using a 
small home robot. The robot can be used for real-time sensing of the resident’s position and 
behavior. On the other hand, for further use of the robot, such as choosing a path that does not 
disturb the resident, a phase to predict the resident’s behavior is necessary. Walking, which is one 
of the most basic activities of daily living, is often targeted in studies of motion prediction. 
However, most of them deal with steady walking, even though walking in daily life includes 
unsteady walking such as the turning motion. Therefore, the purpose of this study was to extract 
the prediction parameters to construct a prediction method for the unsteady 90-degree turn. In this 
study, we explored the effective prediction parameters for 90-degree turns based on the measured 
data using the inertial measurement unit (IMU) based motion capture system aiming to introduce 
the prediction of unsteady walking to the “Biofied Building”. 
Introduction 
Because of the increase in the number of elderly single-person households and the diversification 
of lifestyles, the need for housing which is incorporating monitoring function is rising. Toward this 
need, we have been proposing the “Biofied Building”, a building system that uses small home 
robots to provide a safe, secure, and comfortable space for each resident [1, 2]. One of the aims of 
using robots is sensing the position and movement of the residents in real-time. The prediction of 
the resident’s movement is effective to achieve more natural robot control, such as choosing paths 
of movement that does not interfere with the resident. 

Recurrent Neural Networks (RNNs), a deep learning method with time-series elements, are 
widely used for motion prediction [3-5], but it is pointed out that physical constraints of the human 
body are not taken into account [1]. On the contrary, Kimura et al. proposed a simple method for 
predicting walking based on the dynamics of the human body [1]. However, the system only 
targeted steady walking motions even though the daily walking includes unsteady ones. Thus, a 
system which is adaptable for unsteady motions is needed. 

Walking is known as the most basic motion among activities of daily living. It has been 
reported that more than 40% of the total number of walking is unsteady [6], and among them, the 
turn motion accounts for about 20% of the walking in daily life [7]. Thus, we targeted the 
90-degree turn as one of the unsteady walking motions. 

There are three main types of motion measurement systems: an optical motion capture system, 
which measures the motion of a subject who wears multiple reflective markers by surrounded 
infrared cameras; an IMU-based motion capture system, which measures the motion by attaches 
multiple IMU sensors; and a skeletal position tracking function using RGB-D sensors.  Although 
optical motion capture systems are widely used in the medical field due to their high accuracy, they 
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are not suitable for the measurement of turn motion that requires the long walking path due to their 
limited measurement range. The skeletal position tracking function of RGB-D sensors is not 
supposed to measure the turn motion, because the accuracy of the estimation depends on body 
orientation. On the other hand, the IMU is widely used for motion measurement in living spaces 
and urban spaces because they are relatively inexpensive and have no measurement environment 
restrictions. The methods for discriminating walking people and recognizing their motions by 
analyzing acceleration data has been proposed [8, 9], and it can be applied to motion prediction by 
focusing on the transition state between motions. Besides, IMU has been widely used in clinical 
applications, which require relatively high accuracy, and their usefulness has been demonstrated in 
recent years [10, 11]. Shigeta et al. used IMU sensors to extract gait features in the gait of ASD 
patients and compared them with those of healthy subjects [11]. 

The purpose of this study is to reveal the prediction parameters of 90-degree turns aiming to 
develop with a home robot in the “Biofied Building”. In this paper, we extracted efficient 
prediction parameters of 90-degree turn based on experimental measurements using an IMU-based 
motion capture system to obtain acceleration and angular velocity data. This study is positioned as 
a basic study to introduce a prediction system of unsteady walking to the “Biofied Building”. 
Proposed method 
The duration of the turn is very short and there is no linearity. Therefore, we tried to detect the 
transition to the 90-degree turn by comparing it with a highly reproducible steady walking.  

A Perception Neuron [12], an IMU-based motion capture system, was used to measure the 
90-degree turn (Figure 1). An IMU called a Neuron, which consists of a triaxial acceleration 
sensor, a triaxial gyroscope, and a triaxial magnetometer is attached to each position to obtain the 
acceleration and angular velocity data at each sensor position. The 90-degree turn is caused by the 
change of acceleration and angular velocity of the body’s center of gravity, which is caused by the 
chain of motion of each body part. Therefore, we focus on the variation of the acceleration and 
angular velocity of each part of the body. The frame rate was 120 fps, and the data was acquired by 
wireless communication. The accuracy of the measurements is considered to be within 5 degrees 
of upper body angular error [13]. MATLAB 2019a (MathWorks Inc., Natick, MA, USA) was used 
for data analysis. In this study, we use an Axis Neuron, a software for a Perception Neuron, to 
obtain acceleration and angular velocity data for 19 body parts, including estimates, from 17 
sensors. Figure 2 shows the names and locations of each. 

Since the accelerometer only detects the gravitational acceleration at resting, the theoretical 
value of the composite acceleration is 1 G. However, the actual composite acceleration may not be 
1 G due to voltage fluctuations. Therefore, we normalized each axis’ acceleration data by dividing 
the raw data by the mean square of acceleration data of each axis from the second to the 100 frames 
of resting. Besides, a 5th order Butter-worth low-pass filter [14] was applied to remove the noise 
caused by the rubbing between the sensor and the clothing,  and the phase distortion was corrected 
by using the filtfilt function of MATLAB to deal with the delay. The cutoff frequency of the filter 
was determined based on the experimental results described in the next section. To remove the bias 
error in the gyroscope, the average of the angular velocity at resting was calculated and subtracted 
from the total angular velocity signal. The data from the second to 100 frames were used to 
calculate the mean value at resting. In this study, the coordinate system of the six axes is defined as 
shown in Figure 3. 
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Figure 1  Perception Neuron [12], an IMU-based motion capture system 
 

 
Figure 2  List of positions of acquired data 

 

 
Figure 3  The definition of six axes 
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Experiment for extraction of prediction parameters 
We measured 90-degree turn and steady walking respectively and compared the acceleration data 
and angular velocity data. The blue area in Figure 4 is the walking path presented to the subject. 
Six students in 20s without any gait disorder (M: 3, F: 3) walked three trials in each motion at free 
walking speed. 
 

 

Figure 4  Experimental setup for 90-degree turn and steady walking 
 
Results & Discussions 
Determination of the cutoff frequency. The cutoff frequency was determined based on the 
experimental results to take into account the peak frequencies of acceleration and angular velocity 
components caused by the walking motion. In general, it is said that the step frequency (fstep) 
appears in the X-axis, Z-axis, and pitch-axis, and the stride frequency (fstride) appears in the Y-axis, 
roll-axis, and yaw-axis in the walking motion. The step is the distance between the heels of both 
feet, and the stride is the combined length of the left and right steps (Figure 5). 

The fstride was about 0.9 Hz (Mean±SD: 0.919 ± 0.096) and the fstep was about 1.8 Hz 
(Mean±SD: 1.839 ± 0.192) according to the results. There was no significant sex difference in this 
value (p-value = 0.566). This result falls within the range of fstride and fstep values for a typical walk 
[15]. Therefore, the cutoff frequency was set to 1.2 Hz for the component with a peak at fstep and 
2.5 Hz for the component with a peak at fstep. 
 

 

Figure 5  Definition of step and stride 
 

Definition of the section of 90-degree turn. We defined the start and end of 90-degree turns. The 
right one of Figure 6 shows a graph of the relative angles of the lumbar part to the initial angle in 
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the BVH file output on the Axis Neuron. This data is only used to define the turn section and is not 
used as a prediction parameter. The minimum and maximum points in the waveform, shown as 
blue and green points, represent the initial contact (IC) of the right and left feet respectively. IC is 
defined as the moment when the foot is contacted the floor as shown in the left one of Figure 6. 

According to the graph of Figure 6, the subject started walking from the right leg and performed 
a turn motion after the left IC at the 10th step. The subject performed a steady walking from 2 
seconds to 6 seconds, and after 6 seconds, the lumbar rotation decreased almost 90° before 
entering a steady walking again. The time at which the lumbar rotation decreased as small as left 
IC which is the one step before was defined as the start of the turn. Similarly, the end time of the 
turn was defined as the time when the lumbar rotation decreases as small as the next right IC. The 
range between dashed lines in Figure 6 indicates the section of turn motion. 
 

 

Figure 6  Definition of the section of 90-degree turn 
 

Extraction of prediction parameters. According to the results, we found that the preliminary 
motion of the 90-degree turn was characterized by the asymmetry of the body’s lateral sway and 
the kinematic parameters caused by the rotational motion. Figure 7 shows an example of the 
comparison between a steady walking and a 90-degree turn on the angular velocity data at the head. 
In this case, the yaw and roll components of the head are extracted as prediction parameters, since 
their waveform is changing from 6.8 s, while the turn motion is starting at 8.2 s which is shown by 
the dashed line in Figure 7 (b). In the same way, we extracted the roll and yaw components of 
angular velocity on the upper body, and Y-axis acceleration of left and right shoulders and shanks 
as parameters which shows the changes of the waveform before the turn started. The list of 
extracted predictive parameters is shown in Table 1. 

The turn motion is accomplished by slowing down the speed of motion in the straight direction 
and shifting the center of gravity to the new direction [16]. The significant preliminary movements 
were observed particularly in the angular velocity yaw and roll components of the head and upper 
trunk in the results. These suggest that the center of gravity shift of the upper body, including the 
head, occurs at the earliest stage. 

Table 1  Extracted prediction parameters for 90-degree turns. 
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Observed data types Positions of sensors 

Angular velocity (roll and yaw) Head,  
upper trunk 

Acceleration (Y-axis) Left and right shoulders,  
left and right shanks 

 

 

(a) Steady walking 

 

 
(b) 90-degree turn  

Figure 7  Comparison of steady walking and 90-degree turn on the angular velocity of the head 
 

Study limitations. The experimental space has no walls or screens, however, it is assumed that 
many of the turn motions are performed at corners in the actual situations. Thus, additional 
experiments in the actual environment such as corners are needed. 

The age of the subjects in this study was biased and may yield different results in other age 
groups such as the elderly. Also, the number of participants was small, and reproducibility should 
be examined. 
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Conclusion 
In this study, we extracted effective parameters for 90-degree turn prediction, which is a major 
unsteady motion, using an IMU-based motion capture system to implement the motion prediction 
phase to the home robot in the “Biofied Building”. The results showed the possibility of the yaw 
and roll components of the head and upper trunk angular velocity, as well as Y-axis acceleration of 
shoulders and shanks to be used for the 90-degree turn prediction. Our findings can contribute to 
the further examination of turn motion prediction. The additional consideration for reproducibility 
confirmation with more participants including the other age groups will be our plan. 
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Abstract. In order to study the effect of the layup structure on the static strength and low-velocity 
impact strength of carbon fiber/epoxy composite (CFRP) laminates, theoretical simulation 
analysis under different laying angles have been carried out. In this study, Finite Element Analysis 
(FEA) models for different CFRP laminate specimens are created using ANSYS Workbench by 
changing the relative volume fraction of 0°, 45° and 90° plies in each specimen and their relative 
location. The FEA results revealed that the increase of relative volume of 90° ply will improve the 
impact the impact resistance performance, while the increase of relative volume of 45° ply will 
take the opposite effect. Moreover, when the relative volume fraction of 0°, 45° and 90° plies are 
the same, the strength performance of the laminate cannot be improved by changing the thickness 
of the outermost layer. The study illustrated the significant effects of different stacking sequences 
and laying angles on the tensile and flexural failure mechanisms in composite laminates, leading to 
some suggestions to improve the design of composite laminates. 
Introduction 
Carbon fiber reinforced composite laminate is made of a series of unidirectional carbon fiber 
reinforced resin-based materials. It has the characteristics of heterogeneity, anisotropy, high 
intra-layer strength and high comprehensive strength, and has been widely used in military, 
aerospace and other fields[1,2]. However, this type of laminate has the disadvantages of low 
interlayer and vertical layer strength, so that the impact of runway gravel, hail and other objects on 
the composite laminate can easily cause its failure in the service environment[3]. Nowadays, 
laying angles between layers are mostly standard angles of 0°, ±45° and 90°. The performance of 
the laminate varies depending on the position of the laying angles. Therefore, the effect of the 
stacking angles and the stacking sequences on the performance of the laminate is studied[4].  

Meng et al.[5] studied the effect of fiber layup on the bending failure of composite laminates by 
means of 3D finite element analysis. Kannan et al.[6] evaluated the tensile strength of 2D 
Carbon/Carbon laminates with a center-hole based on the FEA. However, Guo et al.[7] found that 
the distribution of interlayer stress around the void is related to the layer structure. In addition, the 
choice of failure criterion has an impact on the FEA of laminates, Naik et al.[8] proposed the 
minimum weight design of composite laminates using the failure mechanism based, maximum 
stress and Tsai-Wu failure criteria. And Akbulut et al.[9] proposed an optimization procedure to 
minimize thickness of laminated composite plates subject to in-plane loading, fiber orientation 
angles and layer thickness are chosen as design variables. On the other hands, Liu et al.[10] 
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explore the effects of different failure criterion including Puck, Hashin and Chang-Chang criterion 
on the dynamic progressive failure properties of carbon fiber composite laminates.  

In this paper, the 3D model of CFRP laminates is established through ANSYS Workbench, 
static structure analysis and explicit dynamics analysis are performed on laminates of different 
layup structures to study the effect of lay angle and lay sequence on static strength and impact 
resistance of laminates influences. Then determine the failure criteria of the laminate and analyze 
its critical failure layer, which provides a theoretical basis for improving the performance of the 
composite laminate by optimizing the layer structure. 
 
Experiments 
Theoretical Model of Laminates. Establishing 3D FEA models of composite laminates with 
different stacking sequences in ANSYS Workbench, as shown in Table 1. The size of the specimen 
is 250mm*36mm*2mm, a total of 16 layers and a single layer thickness of 0.125mm. The 
composite laminates considered in this paper are made of carbon/epoxy prepreg and has a 
symmetrical structure. The mechanical properties of each lamina are shown in Table 2. 
 

Table 1 Different lay-ups of the composite laminates 
Specimen Number Stacking Sequences Specimen Number Stacking Sequences 

Laminate1 [08]s Laminate5 [90/0/90/0/904]s 
Laminate2 [0/90/0/90/04]s Laminate6 [+45/0/-45/0/±452]s 
Laminate3 [0/+45/0/-45/04]s Laminate7 [90/90/0/0/904]s 
Laminate4 [0/+45/90/-45]2s Laminate8 [+45/-45/0/0/±452]s 

Notes: The numeric subscripts indicate the number of layers stacked in each direction and the subscript [· · 
· ]s indicates that plies are symmetric about the midplane of the laminate. 

 

Table 2 The mechanical properties of each laminate 
     

1490 121 8.6 8.6 4.7 
     

4.7 3.1 0.27 0.27 0.4 
 

In the low-velocity impact simulation, a cone bullet with a length to diameter ratio of 3:1 is used 
to impact the laminate. The bullet is made of structural steel. Its mass, density, elastic modulus and 
Poisson’s ratio are 6.2g, 7850kg·m-3, 200GPa and 0.3 respectively. 

Meshing and Constrained Boundary Conditions. Since the meshing structure and the degree of 
density will directly affect the accuracy of the results and the calculation time in ANSYS 
Workbench, the direct meshing method is selected according to the geometric characteristic of the 
3D model of the composite laminate and the force characteristic. After the mesh is divided, 
referring to its skewness and orthogonal quality parameter, it is found that the optimal mesh sizes 
for laminates and bullets are 3mm and 2mm, respectively.  

In the FEA, the static structural analysis and the explicit dynamic analysis are used. When the 
static structural module is used for analysis, the two short sides of the composite laminate are 
constrained and fixed, as shown in Fig. 1, the force is 2500N. While the four sides of the composite 
laminate are fully constrained when the explicit dynamics module is used for analysis, and the 
displacement and rotation angle in the three directions are all zero, that is, completely fixed. In 
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addition, the angular velocity and velocity of the bullet in other directions are constrained to zero 
in order to better extract the experimental results. Define the initial velocity of the bullet along the 
coordinate axis Z in the predefined field, and then define the output stress, strain, displacement and 
velocity in the field. The assembly diagram for the bullet impacting composite laminates is shown 
in Fig. 2. After the model is built, define the Tsai-Wu failure criterion and the maximum stress 
failure criterion in the ACP (Post) module to identify the main failure layers of the composite 
laminate, and view the stress and strain of each layer. The distance between the bullet and the 
laminate is 5mm, and the total movement time is 0.1ms. 

 
Fig. 1 Schematic graph of the static structural model 

 
Fig. 2 Assembly diagram for the bullet impacting composite laminated plates 

 
Analysis 
When the 3D model of the laminate is established, the total deformation value of each laminate can 
be obtained as shown in Table 3. We use laminate1 as a reference to study the performance of 
laminates with different layer structure through static structural analysis and explicit dynamic 
analysis. 

Table 3 The total deformation value of each laminate 
Specimen Number Total deformation value (mm) Specimen Number Total deformation value (mm) 

Laminate1 74.754 Laminate5 84.975 
Laminate2 53.225 Laminate6 71.809 
Laminate3 50.055 Laminate7 100.94 
Laminate4 68.303 Laminate8 80.829 

 
Effect of Stacking Angle on Laminate Performance. Laminate1 only contains 0° plies and its 

total deformation is 74.754mm. Laminate2 is a part of 0° plies in laminate1 replaced with 90° 
plies, and its total deformation is reduced to 53.225mm. For laminate3, the 90° plies in laminate2 
is replaced with 45° plies, and its total deformation is reduced to 50.055mm. If the laminate 
contains three ply angles at the same time such as laminate4, its total deformation is better than 
laminate1, but inferior to laminate2 and laminate3. From this we see that adding 45° plies to the 
laminate1 with only 0° plies show better bending resistance.  

In the explicit dynamic analysis module, set the bullet velocity to 80m/s and the maximum 
equivalent stresses of laminate1 to lanimate4 are 190.71MPa, 391.55MPa, 82.849MPa and 
94.776MPa respectively, as shown in Fig. 3. From the laminate3 and laminate4, which can be seen 
that the equivalent stress of the 45° laminate between adjacent layers is smaller and the impact 
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resistance is stronger. Moreover, the curve of these two types of laminates are smoother under the 
continuous impact. 

Fig. 3 Equivalent stress curve of laminate1 to laminate4 
 

Effect of Stacking Sequence on Laminate Performance. Laminate2, laminate5 and laminate7 
contain the same layer angle, but the stacking sequence has changed. Compared with laminate2, 
the relative volume fraction of 0° and 90° plies of the laminate5 is changed, and the fiber direction 
of the outermost layer is also changed. The total deformation of laminate2 is less than the total 
deformation of laminate5, which has better bending resistance. When changing the thickness of 
the outermost layer, but the relative volume fraction of 0° and 90° plies remains unchanged, such 
as laminate5 and laminate7. The total deformation of laminate7 is 100.94mm, which is more than 
laminate5. However, analyze laminate3, laminate6 and laminate8 in the same way, and they have 
the same layer angle. Laminate3 has the strongest bending resistance, followed by laminate6, 
while laminate8 is the worst. The larger the relative volume of 0°, the stronger the performance of 
the bending strength. And the bending resistance of the laminate cannot be improved by changing 
the thickness of the outermost layer.  

In the explicit dynamic analysis module, set the bullet velocity to 80m/s and the equivalent 
stresses curve is shown in the Fig. 4 and Fig. 5. The relative volume fraction of 0° and 90° plies are 
different, such as laminate2 and laminate5. And the relative volume fraction of 0° and 45° plies are 
different, such as laminate3 and laminate6. Comparing the two types of laminates, it can be found 
that an increase in the relative volume of 90° ply will improve the impact the impact resistance 
performance, while an increase in the relative volume of 45° ply will be the opposite. However, 
when the thickness of the outermost layer of the laminate is increased, the equivalent stress of the 
laminate is basically not affected. 

When the failure mode is set to the Tsai-Wu and the maximum stress failure criterion to observe 
the main failure modes and layer of each laminate, which can be found that the main failure mode 
of the laminate1 is the maximum stress failure. While the others are the Tsai-Wu failure mode. 
Moreover, the 90° ply is more prone to failure, as long as the laminate contains 90° ply, which 
determines the service life of the laminate. And it can be seen from the Fig.6 that the damage range 
of the laminate model with 90° ply will be larger and the stress is more dispersed. On the contrary, 
the stresses of the laminate containing 0° and 45° plies are mainly concentrated in the center of the 
model. 
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Fig. 4 Equivalent stress curve of laminate2, laminate5 and laminate7 

 
Fig. 5 Equivalent stress curve of laminate3, laminate6 and laminate8 

(a)  (b)  

(c)  (d)  

(e)  (f)  

(g)  (h)  
Fig. 6 Equivalent stress diagram of each laminate: (a)laminate1; (b)laminate2; (c)laminate3; 

(d)laminate4; (e)laminate5; (f)laminate6; (g)laminate7; (h)laminate8 
Conclusion 
According to the FEA results, the following conclusion can be drawn. (1) The laminate with only 
0° and 45° plies and has a higher relative volume of 0° ply, which has the stronger bending 
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resistance performance. (2) It is found that when the relative volume fraction of 0°, 45° and 90° 
plies are the same, the strength performance of the laminate cannot be improved by changing the 
thickness of the outermost layer from the static structure analysis and explicit dynamic analysis. 
And in all laminate models, the 90°layer is the key layer that is more prone to failure, while the 
probability of failure at 0° and 45° is basically the same. (3) The laminate with only two types of 
layer angles, either 0° and 90°, or 0° and 45°. The results show that the increase of relative volume 
of 90° ply will improve the impact the impact resistance performance, while the increase of 
relative volume of 45° ply will be the opposite. Layer angle and layer sequence have an impact on 
the bending resistance and impact resistance of the laminate. 
References 
[1] Liu, DeFu, YongJun Tang, and W. L. Cong. "A review of mechanical drilling for composite 
laminates." Composite structures 94.4 (2012): 1265-1279. 
https://doi.org/10.1016/j.compstruct.2011.11.024 
[2] Zhang, Y. X., and C. H. Yang. "Recent developments in finite element analysis for laminated 
composite plates." Composite structures 88.1 (2009): 147-157. 
https://doi.org/10.1016/j.compstruct.2008.02.014 
[3] De Baere, Ives, Wim Van Paepegem, and Joris Degrieck. "Comparison of different setups for 
fatigue testing of thin composite laminates in bending." International Journal of Fatigue 31.6 
(2009): 1095-1101. https://doi.org/10.1016/j.ijfatigue.2008.05.011 
[4] Kashtalyan, Maria, and Costas Soutis. "Analysis of local delaminations in composite 
laminates with angle-ply matrix cracks." International Journal of Solids and Structures 39.6 
(2002): 1515-1537. https://doi.org/10.1016/S0020-7683(02)00007-0 
[5] Meng, Maozhou, et al. "3D FEA modelling of laminated composites in bending and their 
failure mechanisms." Composite Structures 119 (2015): 693-708. 
https://doi.org/10.1016/j.compstruct.2014.09.048 
[6] Kannan, V. Kamala, et al. "Finite element analysis and notched tensile strength evaluation of 
center-hole 2D carbon/carbon laminates." Advanced Composite Materials 20.3 (2011): 289-300. 
https://doi.org/10.1163/092430410X550854 
[7] Guo, Zhangxin, Xiaoping Han, and Xiping Zhu. "Finite element analysis of interlaminar 
stresses for composite laminates stitched around a circular hole." Applied Composite 
Materials 19.3-4 (2012): 561-571. https://doi.org/10.1007/s10443-011-9234-7 
[8] Naik, G. Narayana, S. Gopalakrishnan, and Ranjan Ganguli. "Design optimization of 
composites using genetic algorithms and failure mechanism based failure criterion." Composite 
Structures 83.4 (2008): 354-367. https://doi.org/10.1016/j.compstruct.2007.05.005 
[9] Akbulut, Mustafa, and Fazil O. Sonmez. "Optimum design of composite laminates for 
minimum thickness." Computers & Structures 86.21-22 (2008): 1974-1982. 
https://doi.org/10.1016/j.compstruc.2008.05.003 
[10] Liu, P. F., et al. "Finite element analysis of dynamic progressive failure of carbon fiber 
composite laminates under low velocity impact." Composite Structures 149 (2016): 408-422. 
https://doi.org/10.1016/j.compstruct.2016.04.012 
 



Structural Health Monitoring  Materials Research Forum LLC 
Materials Research Proceedings 18 (2021) 255-262  https://doi.org/10.21741/9781644901311-31 
 

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of 
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials 
Research Forum LLC. 

 255 

Seismic Fragility Analysis of Mid-Story Isolation Buildings 
Xiao Song1,2,a and Songtao Xue1,3,b,*  

1 Department of Architecture, Tohoku Institute of Technology, Sendai, Japan 
2 Department of Civil Engineering, Henan University, Kaifeng 475001, P.R. China 

3 Department of Disaster Mitigation for Structures, Tongji University, Shanghai, P.R. China 
a songxiao@henu.edu.cn, b xuest@tohtech.ac.jp 

Keywords: Mid-Story Isolation Buildings, Fragility Curves, Seismic Risk Assessment, 
Incremental Dynamic Analysis 

Abstract. Seismic fragility analysis is essential for seismic risk assessment of structures. This 
study focuses on the damage probability assessment of the mid-story isolation buildings with 
different locations of the isolation system. To this end, the performance-based fragility analysis 
method of the mid-story isolation system is proposed, adopting the maximum story drifts of 
structures above and below the isolation layer and displacement of the isolation layer as 
performance indicators. Then, the entire process of the mid-story isolation system, from the initial 
elastic state to the elastic-plastic state, then to the limit state, is simulated on the basis of the 
incremental dynamic analysis method. Seismic fragility curves are obtained for mid-story isolation 
buildings with different locations of the isolation layer, each with fragility curves for near-field 
and far-field ground motions, respectively. The results indicate that the seismic fragility 
probability subjected to the near-field ground motions is much greater than those subjected to the 
far-field ground motions. In addition, with the increase of the location of the isolation layer, the 
dominant components for the failure of mid-story isolated structures change from superstructure 
and isolation system to substructure and isolation system. 
Introduction 
Seismic isolation technology has proven to be one of the most effective strategies for seismic 
design of structures. The mid-story isolation technology, in which the isolation layer is installed at 
the inter-story rather than at the base of the building, is gaining popularity recently and can prevent 
the pounding between the isolation layer and moat walls. It is suitable for the retrofit of existing 
buildings and other buildings that are not suitable for base isolation. Previous researches 
demonstrate the effectiveness of the mid-story isolation system for vibration reduction 
performance under fortification earthquakes [1,2]. However, due to the uncertainty of earthquakes, 
the intensity of an actual earthquake can be considerably greater than that specified in the seismic 
code. In addition, near-field earthquakes, characterized by long-period and short-duration, can 
amplify the seismic responses of buildings and increase the damage probability of mid-story 
isolation buildings.  

Earthquake damage investigations show that casualties are mainly caused by the collapse of 
building structures. At present, the most widely used approach for seismic performance evaluation 
is the incremental dynamic analysis [3,4]. Vamvatsikos et al. developed and applied the 
incremental dynamic analysis to predict collapse under the effect of scaled earthquake records [5]. 
Mansouri et al. conducted the seismic fragility analysis for 3- and 9-story base-isolated buildings 
[6]. It was found that the installation of the isolation layer decreased the amount of failure 
probability. On the other hand, seismic responses subjected to near-field earthquakes are different 
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from those subjected to far-field earthquakes. Bhandari et al. evaluated the seismic performance of 
a 10-story base-isolated RC frame under the far- and near-field earthquakes [7]. The results 
indicated that even for the low PGA value, the near-field earthquakes cause a high probability of 
damage to the base-isolated structure. 

The above literature focused on the performance assessment of base-isolated structures and 
non-isolated structures. The seismic performance of the mid-isolated system under severe 
earthquakes is rarely studied, and the failure patterns under severe earthquakes have not been fully 
understood. To this end, nonlinear dynamic response analysis of a 10-story RC frame, designed 
according to the seismic design code of buildings in China, is carried out with incremental 
dynamic analysis (IDA), considering the different locations of the isolation layer for the mid-story 
isolation buildings. Fragility curves for mid-story isolation structures, corresponding to four 
performance levels, are generated subjected to near-field and far-field records. 
Fragility analysis method 
The seismic fragility of the structures is the exceedance probability of certain damage state under 
the given intensity of earthquakes. For performance-based seismic design, failure means that the 
structure cannot meet a certain predetermined performance level. For this study, fragility analysis 
is performed based on IDA. The main analyzing steps are as follows: 1. Conduct a nonlinear 
dynamic analysis model for both base-fixed and mid-isolated structures. 2. Select seismic records 
that representing different site characteristics, select appropriate ground motion intensity 
measurements, and perform amplitude modulation for each ground motion. 3. Conduct the 
nonlinear time-history response analysis for under earthquake with a certain intensity, count the 
records of ground motions that exceed the certain performance level, the probability of exceeding 
under the intensity of ground motions can be obtained. 4. Scale the ground motions and repeat step 
3, then the damage measurements and the exceeding probability under different ground motion 
intensity can be obtained. 5. Adopt a certain probability model, the fragility curves can be 
developed corresponding to different earthquake intensity and performance levels of structures. 

According to related studies[8,9], it is assumed that the fragility function can be approximated 
by the log-normal probability distribution function and the fragility function can be defined as 
follows: 

( ) ( )i iP LS IM im P DM dm IM im= = ≥ =  (1) 
Where LS is the limit state, and P(•) is the probability of exceeding the given performance level 

with the earthquake intensity IM= im, and DM is the dynamic response of the structure. 
Consequently, the probability of exceeding the damage measure of the particular intensity can be 
expressed by Eq. (2)  

ln IM

ln IM

ln
( ) 1 ( ) 1 i DM im

i
DM im

dm
P DM IM im P DM dm IM im

µ

σ
=

=

 −
= = − < = = −Φ  

  
 (2) 

Where μ is the logarithmic median value and σ is the standard deviation of DM, and Φ(•) is the 
standard normal cumulative distribution function. μ and σ can be calculated from IDA. Then, the 
seismic fragility curves under near- and far-field ground motions corresponding to different 
performance levels can be obtained. 
Damage measures and damage states 
In order to assess the structural performance levels under different intensity ground motions, the 
inter-story drift of the structures, the deformation, and the stress of the isolation bearings are 
selected as the damage measures to perform the fragility analysis with different performance 
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levels. According to the methodology defined in the Federal Emergency Management Agency 
[10] and the seismic design code of buildings in China, structural performance levels against 
earthquakes can be clarified into operational, immediate occupancy, life safety, and collapse 
prevention performance levels. Corresponding to the four performance levels, the damage states 
are defined as slight (DS1), moderate (DS2), extensive (DS3), and collapse (DS4), respectively. 
Table 1 shows the damage states thresholds for different damage measures. 

 
Table 1. Damage states thresholds for different damage measures 

Damage measures 
Damage states 

Slight 
(DS1) 

Moderate 
(DS2) 

Extensive 
(DS3) 

Collapse 
(DS4) 

Inter-story drift of 
structures 1/550 1/275 1/150 1/50 

Displacement and stress of 
isolation bearings -- -- 0.6Dmax 

[σmin, σmax] 
1.0Dmax 

[σmin, σmax] 
Note: Dmax is the maximum isolator design displacement, D max=Min {0.55D,3Tr}, where D is the 
diameter of isolation bearing, Tr is the total thickness of the rubber layer, and σmin, σmax are the 
thresholds of the stress of isolation bearing.  
Selection of earthquake records 
The selection of earthquake ground motion records is essential for IDA and fragility analysis. Two 
types of earthquake ground motions, recommended by FEMA P695[10], are selected, including 13 
near-field and 13 far-field records. The elastic acceleration response spectra of selected earthquake 
records are shown in Fig. 1, and the basic information is tabulated in Tables 2-3.  

 
Table 2. Basic information of selected ground motions (Far-Field records set) 

No Event Station Year Mw PGA(g) Component 
1 San_Fernando LA-Hollywood_Stor_FF 1971 6.6 0.210 PEL090 
2 San_Fernando LA-Hollywood_Stor_FF 1971 6.6 0.174 PEL180 
3 Friuli-Italy-01 Tolmezzo 1976 6.5 0.315 A-TMZ270 
4 Imperial_Valley-06 El_Centro_Array_#11 1979 6.5 0.380 H-E11230 
5 Superstition_Hills-02 Poe_Road_(temp) 1987 6.5 0.446 B-POE270 
6 Cape_Mendocino Rio_Dell_Overpass-FF 1992 7 0.385 RIO270 
7 Cape_Mendocino Rio_Dell_Overpass-FF 1992 7 0.549 RIO360 
8 Northridge-01 Beverly_Hills-14145_Mulhol 1994 6.7 0.416 MUL009 
9 Northridge-01 Canyon_Country-W_Lost_Cany 1994 6.7 0.410 LOS000 
10 Northridge-01 Canyon_Country-W_Lost_Cany 1994 6.7 0.482 LOS270 
11 Kobe-Japan Nishi-Akashi 1995 6.9 0.503 NIS090 
12 Chi-Chi-Taiwan CHY101 1999 7.6 0.440 CHY101-N 
13 Duzce-Turkey Bolu 1999 7.1 0.728 BOL000 
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Table 3. Basic information of selected ground motions (Near-Field records set) 

No Event Station Name Year Mw PGA(g) Component 
1 Imperial_Valley-06 El_Centro_Array_#7 1979 6.5 0.3375 H-E07140 
2 Superstition_Hills-02 Parachute_Test_Site 1987 6.5 0.3772 B-PTS315 
3 Erzican-Turkey Erzincan 1992 6.7 0.4955 ERZ-EW 
4 Erzican-Turkey Erzincan 1992 6.7 0.5153 ERZ-NS 
5 Cape_Mendocino Petrolia 1992 7 0.5896 PET000 
6 Cape_Mendocino Petrolia 1992 7 0.6624 PET090 
7 Northridge-01 Rinaldi_Receiving_Sta 1994 6.7 0.8252 RRS228 
8 Northridge-01 Rinaldi_Receiving_Sta 1994 6.7 0.4865 RRS318 
9 Northridge-01 Sylmar-Olive_View_Med_FF 1994 6.7 0.8433 SYL360 
10 Kocaeli-Turkey Izmit 1999 7.5 0.2195 IZT090 
11 Kocaeli-Turkey Izmit 1999 7.5 0.1521 IZT180 
12 Duzce-Turkey Duzce 1999 7.1 0.3481 DZC180 
13 Duzce-Turkey Duzce 1999 7.1 0.5353 DZC270 

  

(a) Far-field set (b) Near-field set 
Fig. 1. Acceleration response spectra of selected earthquake ground motion records 

Fragility analysis and risk assessment 
Structural models for the performance evaluation 
In this study, a typical 10-story RC frame building designed according to the seismic design code 
of buildings in China is selected as the analytical model. The cross-section of columns is 
700×700mm, and the cross-section of beams is 250×600mm for all floors. The height is 3.9m for 
the first floor and 3.6m for other floors. The gravity loads are represented by dead loads 5.0kN/m2, 
live loads 0.5kN/m2, for the top floor; dead loads 4.5kN/m2, live loads 2.0kN/m2, for the typical 
floors. The frame at the center is chosen for numerical analysis.  

To investigate the discrepancies of performance of mid-story isolation structures and 
non-isolated structure, as well as to reveal the influence of the position of the seismic isolation 
layer on the structural performance, three numerical models denoted as specimens Non-Iso, Iso-2, 
and Iso-5, are designed. The isolation layers of Iso-2 and Iso-5 are respectively installed on the top 
of the 2nd story and 5th story. For mid-isolated structures, stories below and above the isolation 
layers are denoted as superstructure (Sup) and substructure (Sub). Fig. 2 shows the details of the 
studied buildings. Bearings adopted for Iso-2 and Iso-5 are LRB 700 and LRB 600 respectively, 
designed according to the seismic design code in China.  
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(a) Non-Iso (b) Iso-2 (c) Iso-5 
Fig. 2. Structural configuration 

Structural dynamic analysis for both non-isolated and mid-story isolation structures is 
conducted with OpenSees software. Beams, columns, and isolation bearings are modeled as Beam 
with Hinges, forceBeamColumn, and zeroLength elements. The fundamental periods of the 
Non-Iso, Iso-2, and Iso-5 are 1.64s, 2.56s, and 2.38s respectively. It should be noted the dynamic 
characteristics results of mid-story isolation structures are deduced corresponding to the 
equivalent stiffness (100% shear deformation) of bearings. 
 
Result and discussion 
Incremental dynamic analyses are performed to evaluate the seismic performance of reinforced 
concrete frames subjected to far-field and near-field earthquakes. In this study, the PGA level is 
adopted as the intensity measure for earthquake and the scale factors for PGA vary from 0.05g to 
1.0g.  

The maximum inter-story drifts obtained for the Iso-2 and Iso-5 under far-field and near-field 
ground motions are plotted in Figs. 3-4 respectively. Each data point represents the response of 
nonlinear dynamic time-history analysis. DS1, DS2, DS3, and DS4 respectively represent slight, 
moderate, extensive, and collapse damage state. Moreover, the maximum inter-story drifts 
contained that of both superstructure and substructure. It can be observed from Figs. 3-4 that, the 
seismic responses with different locations of the isolation layer under near-field records are 
significantly larger than that subjected to the far-field records. It indicates that the impulse effect of 
the near-field earthquake enlarged the structural responses. Furthermore, with the increase of the 
location layer, there is a noticeable increase in maximum inter-story drifts. 
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(a) Far-field records set (b) Near-field records set 

Fig. 3. Distribution of maximum inter-story drift (Iso-2)  

  

(a) Far-field records set (b) Near-field records set 

Fig. 4. Distribution of maximum inter-story drift (Iso-5) 

The probability density function can be obtained from the statistics of the response data, and 
then the integration is performed to obtain the damage probability corresponding to each damage 
state, thereby the seismic fragility curves at four performance levels defined in Table 1 can be 
depicted. It is found that the stress bearings vary within the allowable range, and hence are not 
discussed here.  

Comparisons of fragility curves between Non-Iso and Iso-2 are shown in Fig. 5, where Non-Iso, 
Iso-Sub, Iso-Sup, and Iso-LRB represent the non-isolated structure, substructure, superstructure, 
and isolation layer of the mid-isolated structures, while N and F represent near-field and far-field 
ground motions respectively. It can be seen that as the structural damage state changes from the 
slight to the collapsed state, the structural vulnerability curve becomes flat and the probability of 
damage becomes smaller, which conforms to the structural principle. Regardless of the damage 
state, the damage probability subjected to the near-field ground motions is much greater than that 
under the far-field ground motions. The damage probability of Iso-2 decreases significantly 
compared to Non-Iso, which indicates the efficiency of the mid-story isolation technology. It is 
important to note that the damage probability of Iso-LRB and Iso-Sup is larger than Iso-Sub in the 
case of extensive and collapse damage states, as depicted in Figs. 5(c)-(d). Thus, the failure of the 
structure is mainly caused by the failure of the superstructure and the isolation layer. 
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(a) Slight (b) Moderate 

 
(c) Extensive (d) Collapse 

Fig. 5. Comparation of fragility curves between Non-Iso and Iso-2 

 
(a) Extensive (b) Collapse 

Fig. 6. Comparation of fragility curves between Non-Iso and Iso-5 

To investigate the influence of the location of the isolation layer on the performance of 
mid-story isolation structures, fragility curves for the extensive and collapse damage levels are 
summarized in Fig. 6. Comparing the results with Fig. 5, it can be seen that the trend of Iso-2 and 
Iso-5 in the damage probability for different sets of ground motions is almost the same, while the 
distribution of the damage probability of different parts of the structure are changed when the 
isolation layer varies from 2nd story to 5th story. In addition, it is obvious that the damage 
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probability of Iso-LRB and Iso-Sub is larger than Iso-Sup in the case of extensive and collapse 
states, which indicates that the collapse of Iso-5 is mainly governed by the failure of the isolation 
layer and substructure. 
Conclusion 
In this study, the results obtained from the fragility analysis of two mid-story isolation structures 
and non-isolated structure, lead to the following conclusion:  

1. By installing the isolation layer into the structures, the seismic responses of both 
superstructure and substructure are effectively reduced, and the damage probabilities of the 
mid-story isolation structures are significantly reduced comparing to the corresponding 
non-isolated structure. The same trend can be observed when subjected to different sets of ground 
motions. 

2. The responses and the damage probability of the mid-isolation structures subjected to the 
near-field earthquakes are much greater than those subjected to the far-field earthquakes.  

3. For the structure with a high location of the isolation layer, the mid-story isolated structure 
still has the desired isolating effect. However, the damage probability of mid-story isolated 
structures is correlated with the location of the isolation system. With the increase of the location 
of the isolation layer, the dominant parts for the failure of mid-story isolated structures change 
from superstructure and isolation system to substructure and isolation system. 
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Abstract. Tuned mass dampers (TMD) are installed in base-isolated building to suppress the 
excessive isolator displacement and acceleration responses of primary structure. By incorporating 
an inerter element into the original configuration, the seismic performance of TMD is significantly 
enhanced. In this work, optimal solutions of tuned mass damper inerter (TMDI) for improving the 
seismic resilience of base-isolated building are proposed. The analytical formulations of optimal 
design of TMDI are respectively developed to minimize the H2 norm of the displacement of 
primary structure relative to the base floor and the isolator displacement. The performance of 
presented optimal methods are validated by using stationary responses under the stochastic 
excitations. Additionally, the seismic performance of TMDI with parameters obtained from the 
proposed method are compared with the established methods. 
Introduction 
Base isolation (BI) system has been widely employed in public building which is of importance to 
keep its’ functionality [1-2] (e.g. hospital, disaster prevention center) and prevent catastrophic 
results. The mechanical characteristic of BI is to decouple the resonance of building and ground 
motions by inserting a very soft base layer between them [3]. Although, BI technique presents 
attractive benefits in mitigating the earthquake responses of primary structure, some detrimental 
features, e.g. serious concentration of base isolators deformation, need to be carefully taken into 
account. In order to reduce the excessive displacement of base floor, the so called “hybrid base 
isolation system”, which consists of traditional base isolators (e.g. lead rubber bearing, friction 
peculium slide and natural rubber bearing etc.) and additional damping devices, was developed. 

It was mentioned that the effectiveness of displacement dependent damper is less than the 
viscous damper because the adverse contribution of higher modes. Furthermore, it is worthy to 
note that a high damping ratio of viscous damper may lead to an excessive inter-story drift and 
acceleration response [4]. Although an active or semi-active damper may overcome above 
difficulties, it requires stable power supply and active feedback system might be hardly satisfied 
during a major earthquake. Alternatively, a tuned mass damper, which is able to simultaneously 
mitigate the displacement of base floor and acceleration response, are recommended to work with 
base isolators to suppress the isolator displacement [5]. 

Although, the effectiveness of TMD has been confirmed in previous studies, it should be noted 
that a large mass ratio is necessary to achieve the designated performance target. An inerter 
element, which amplifies the mass effect by using the relative motion of two terminals, can be 
employed to enhance the seismic performance of traditional TMD. A novel configuration consists 
of a TMD and an inerter element which is called tuned mass damper inerter (TMDI) has been 
proposed to mitigate the excessive displacement of a single-degree-of-freedom (SDOF) system [6]. 
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With an excellent seismic performance for mitigating the excessive displacement responses and 
suppressing the acceleration responses, TMDI was gradually popularized in suppressing isolator 
displacement demand in a BI system [7]. 

For implementation of TMDI in a BI system, the optimal solutions with numerical optimization 
algorithm were carried out in [7]. Although, the effectiveness of optimal results has been validated 
by a lot of benchmark models, it should be noted that the numerical results cannot be readily 
applied to practical design, because most of practicing engineers are unfamiliar with those 
methods to derive optimal designs. Thus, an analytical formulation of optimal parameters needs to 
be developed to fit the request of practical design. Marian and Giaralis [6, 8] presented two 
analytical formulae to minimize the 𝐻𝐻2 and 𝐻𝐻∞ norms of displacement responses of a SDOF 
system under white-noise excitation and harmonic excitation. An analytical formula which 
consider the characteristics of a BI system was derived to suppress the excessive isolator 
displacement by Matteo et al. [9]. 

In this work, two closed-form formulae for suppressing the acceleration of primary structure 
and excessive isolator displacement were developed. Moreover, an investigation of the influences 
of external excitation on the optimal solutions were discussed with a series of numerical 
calculations. To access the effectiveness of proposed method for improving the seismic 
performance of a BI system under stationary excitation, a performance comparison is carried out in 
Section 7. 
BI system equipped with a TMDI 
On the basis of Kelly’s work [4], a BI system can be simplified as a 2-degree-of-freedom (2-DOF) 
system as shown in Fig. 1(a). 𝑚𝑚s  and 𝑚𝑚b  denote the mass of the primary structure and the 
basement, respectively. The stiffness of primary structure and basement are respectively 
represented by 𝑘𝑘s and 𝑘𝑘b. 𝑐𝑐s and 𝑐𝑐b are used to denote the inherent damping of primary structure 
and base isolators. As shown in Fig. 1(b), a TMDI can be simplified to a tuned inerter damper 
(TID) by removing the physical mass. On the other hand, TMDI is an advanced TMD whose 
control effect is significantly improved by connecting a ground linked inerter. As mentioned 
above, we expect to develop a comprehensive closed-form formula of TMDI that can represent 
TID or TMD by setting the physical mass or inertance as zero. Assume the aforementioned 2-DOF 
system is subjected to an external excitation �̈�𝑥0, the governing equations of this hybrid BI system 
can be expressed as, 

 
Fig. 1 (a) Schematic of BI system equipped with (b) TMDI, (c) TMD and (d) TID. 

. (1) 
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where, 𝑚𝑚tot = 𝑚𝑚s + 𝑚𝑚b  denote the total mass of the BI system,  𝑚𝑚d  and 𝑚𝑚t  denote the 
apparent mass of the inerter element and the physical mass of the TMD, 𝑐𝑐d and 𝑘𝑘d denote the 
damping coefficient and stiffness of the TMDI, 𝑥𝑥s, 𝑥𝑥b and 𝑥𝑥d denote the relative displacement of 
the primary structure, isolator and TMDI. The dot over 𝑥𝑥s , 𝑥𝑥b  and 𝑥𝑥d  denote the differential 
operation with regard to the time t. With introducing the following parameters, 

. (2) 

the Laplace transformation of Eq. (1) is rewritten as, 

. (3) 

where, 𝑋𝑋s, 𝑋𝑋b and 𝑋𝑋d denote the Laplace transformation of 𝑥𝑥s, 𝑥𝑥b and 𝑥𝑥d. Frequency ratio of 
external excitation is defined as 𝛽𝛽0 = 𝜔𝜔0 𝜔𝜔b⁄ , where 𝜔𝜔0 is the input frequency of excitation. For 
simplicity of derivation, inherent damping ratio of primary structure and base isolator are assumed 
as 𝜁𝜁s = 0, 𝜁𝜁b = 0. Thus, the displacement amplification ratio 𝑋𝑋s 𝑋𝑋0⁄  and 𝑋𝑋b 𝑋𝑋0⁄  are expressed as, 

 . (4) 

In which, all terms of coefficients in Eq. (4) are given as, 

 . (5) 

Consider the stochastic properties of earthquake ground motions, external excitation can be 
directly expressed as a sequence of white-noise. According to the basic concepts of stochastic 
vibration theory, the covariance of system response is obtained from an integrated power spectral 
density function (PSDF) over entire frequency domain. Therefore, the 𝐻𝐻2 norm of above two 
performance indicators can be expressed as an integral of PSDF of a white-noise 𝑆𝑆w in frequency 
domain. 

. (6) 
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In 𝐻𝐻2 norm-based optimization, the objective function is the covariance of system responses. 
The optimization procedure of frequency and damping ratios of TMDI with respect to above two 
performance indicators are illustrated in the following sections. 
Optimal solution for acceleration response of primary structure 
On the basis of Spanos’ pioneering works, the first integral in Eq. (6) can be expressed with 
following analytical formula, 

. (7) 

where, the related coefficients are, 

. (8) 

To obtain the minimization of above performance indicators, the following equations hold, 

. (9) 

Then, the optimal solution is obtained as, 

. (10) 

Additionally, the optimized performance indicator of relative displacement amplitude is given 
as, 

. (11) 

As indicated in Eq. (11), we have obtained the optimal performance indicator of relative 
displacement of primary structure. Furthermore, the optimized 𝑃𝑃𝑃𝑃(𝑋𝑋s 𝑋𝑋0⁄ ) lead to an optimal 
formula of absolute acceleration responses of primary structure, 

. (12) 

Because the value of damping ratio of primary structure 𝜁𝜁s always locates in the range of [0.02, 
0.05], which means that the contribution of 𝑥𝑥s dominate the acceleration responses �̈�𝑥s,0. 

Optimal solution for isolator displacement minimization 
According to the second formulation in Eq. (6), the closed-form formula of performance indicator 
related to the basement displacement is expressed as, 
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. (13) 

where, all terms of coefficients of Eq. (13) are, 

. (14) 

To obtain the minimization of above performance indicator, following conditions are obtained, 

. (15) 

The analytical formulations of optimal parameters are expressed as following, 

. (16) 

Then, the related optimal performance indicator is estimated as, 

. (17) 

Validation of the effectiveness of proposed optimal design method 
As mentioned in Sections 3 and 4, the optimal solution of frequency ratio 𝛽𝛽d and damping ratio 𝜁𝜁d 
were approximated by minimizing the 𝐻𝐻2 norm of two performance indicators of a BI system 
subjected to a white-noise excitation. Herein, the intensity of the power spectral density (PSD) of 
the white-noise is assumed as 5 × 10−4 m s3⁄ , and a benchmark model with analytical parameters 
namely, fundamental frequency 𝜔𝜔b = 2.53, frequency ratio, mass ratio and inherent damping 
ratio of primary structure 𝛽𝛽s = 7.95, 𝜇𝜇s = 0.813, 𝜁𝜁s = 0.02, and a low damping ratio of base 
isolator 𝜁𝜁b = 0.02 was analyzed. The mass ratio is assumed as 𝜇𝜇𝑡𝑡 = 0.05, and 𝜇𝜇d = 0.45, the total 
mass ratio of TMDI 𝜇𝜇e = 0.5. The contour plots of two performance indicators with respect to the 
variations of 𝛽𝛽d ∈ [0.1,2] and 𝜁𝜁d ∈ [0.1,1] are given in Fig. 2. 

As shown in Fig. 2 (a) and (b), the proposed optimal solutions lie in the global minimum point 
in the contour plots of two performance indicators, which validates the effectiveness of proposed 
method. As shown in above formulations, the optimal parameters and performance indicators are 
estimated under the assumption that the excitation is a white-noise, it is worth investigating the 
influences of the variation of filtered excitation models on the related performance. 
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Fig. 2 Contour plots of (a) 𝑙𝑙𝑙𝑙�𝑃𝑃𝑃𝑃(𝑋𝑋𝑠𝑠 𝑋𝑋0⁄ )� and (b) 𝑙𝑙𝑙𝑙�𝑃𝑃𝑃𝑃(𝑋𝑋𝑏𝑏 𝑋𝑋0⁄ )� of BI system. 

Comparison of optimal design with different power spectral density model. 
In this part, the parameters related to the stochastic excitation model is studied. The one side 
Clough-Penzien model is used to act the different soil conditions related to the external excitation. 

. (18) 

where, 𝜁𝜁g, 𝜔𝜔g, 𝜔𝜔𝑓𝑓 and 𝜁𝜁𝑓𝑓 are parameters related to filter model which are given in Table 1. 
 

Table 1 PSDF filter parameters for model soil conditions 

Soil type 𝜔𝜔g(rad 𝑠𝑠⁄ ) 𝜁𝜁g 𝜔𝜔𝑓𝑓(rad 𝑠𝑠⁄ ) 𝜁𝜁𝑓𝑓 
Firm 15.0 0.6 1.5 0.6 
Medium 10.0 0.4 1.0 0.6 
Soft 5.0 0.2 0.5 0.6 

 
Herein, the intensity of one side PSD 𝑆𝑆𝑤𝑤 = 1 × 10−3 is employed for the excitation. Then, the 

performance indicators 𝑃𝑃𝑃𝑃(𝑋𝑋s 𝑋𝑋0⁄ ) and 𝑃𝑃𝑃𝑃(𝑋𝑋b 𝑋𝑋0⁄ ) are estimated by using numerical integration. 
To investigate the feasibility and effectiveness of proposed method, we also compared the 
performance indicators obtained from numerical results and analytical results with aforementioned 
benchmark model. Figs. 3 and 4 depict the optimal design parameters and related performance 
indicators obtained from analytical formula and numerical optimization procedure. 
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Fig. 3 Comparison of optimal (a) 𝛽𝛽𝑑𝑑, (b) 𝜁𝜁𝑑𝑑 and (c) the related performance indicators 

𝑃𝑃𝑃𝑃(𝑋𝑋𝑠𝑠 𝑋𝑋0⁄ ) with varying mass ratio of inerter and different soil conditions. 

 
Fig. 4 Comparison of optimal (a) 𝛽𝛽𝑑𝑑, (b) 𝜁𝜁𝑑𝑑 and (c) the related performance indicators 

𝑃𝑃𝑃𝑃(𝑋𝑋𝑏𝑏 𝑋𝑋0⁄ ) with varying mass ratio of inerter and different soil conditions. 

As indicated in Fig. 3, the analytical formula coincides with the numerical results for the Firm 
and Medium soil conditions. However, the numerical results for soft soil condition shows a large 
difference with analytical formula. Notably, the optimal value of 𝛽𝛽d approaches to the lower 
bound of design parameters for 𝜇𝜇d > 1.4 with the soft soil condition, that means the mechanical 
behavior of TMDI is close to the simplified mass damper inerter (MDI). Despite of such a large 
difference in optimal results, it is worthy to note that the analytical solutions presented a 
comparable control effect as shown in Fig 3(c). As shown in Fig. 4 (a) and (b), the optimal results 
obtained from numerical results is slightly larger than those by the analytical formulae. As 
expected, analytical parameters yield similar performance level with the numerical results as 
shown in Fig 4 (c). 
Investigation of different optimal formulae developed for TMDI. 
In the previous studies, analytical formulae of optimal parameters were developed with various 
criteria [6,8,9]. Herein, the benchmark model given in Section 5 is employed to investigate the 
control effect of each model. Given the inertance ratio 𝜇𝜇d = 0.45, mass ratio of TMD 𝜇𝜇t = 0.05, 
the transfer function related to basement displacement 𝑥𝑥b and absolute acceleration of primary 
structure �̈�𝑥s,0 are employed to illustrate the seismic response control performance of each method. 
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Fig. 5 Comparison of transfer function of (a) 𝑥𝑥𝑏𝑏, (b) �̈�𝑥𝑠𝑠,0 obtained from different design formulae. 

As indicated in Fig. 5, the optimal design formula developed by Matteo [9] presents a result that 
coincides with Proposal 2. Fig. 5 (a) also shows that two fixed-points were observed in the transfer 
function curve as developed in [8], which is compatible with its assumption of fixed-point method. 
For the case of transfer function of �̈�𝑥s,0, it is found that the proposed optimal strategy 1 gives an 
excellent control effect, when the input frequency is larger than the fundamental frequency 𝜔𝜔b. In 
order to take a further step to illustrate the seismic performance of the designed TMD with optimal 
parameters presented by the proposed strategies, a stationary analysis of benchmark model excited 
by the filtered-white-noise with the power spectral density defined in Section 6. The related results 
are listed in Table 2. 

 
Table 2 Comparison of stationary responses with different design formulae 

Proposals 
𝜎𝜎𝑥𝑥b[mm] 𝜎𝜎�̈�𝑥s,0[m s2⁄ ] 

Firm Medium Soft Firm Medium Soft 
Original BI 52 54 65 0.33 0.34 0.42 
Marian 
2014[6] 

16(-68%) 18(-66%) 23(-65%) 0.12(-65%) 0.13(-64%) 0.16(-61%) 

Marian 
2017[8] 

15(-71%) 17(-68%) 21(-67%) 0.10(-69%) 0.11(-68%) 0.14(-66%) 

Matteo 
2019[9] 

15(-72%) 17(-69%) 21(-68%) 0.10(-68%) 0.11(-68%) 0.14(-66%) 

Proposal 1 16(-69%) 18(-66%) 22(-67%) 0.09(-74%) 0.10(-72%) 0.13(-70%) 
Proposal 2 15(-72%) 17(-69%) 21(-68%) 0.10(-70%) 0.11(-68%) 0.15(-65%) 

 
As indicated in Table 2, the proposed methods provide excellent performance for suppressing 

the mean square root of isolator displacement as well as absolute acceleration of primary structure. 
Specially, the mitigation level provided in [9] almost equals to the proposal 2, which have been 
validated in above discussions. For the suppression of absolute acceleration response of primary 
structure, it is observed that the first proposal attains a superior performance than other four 
strategies. 
Conclusions 
In this work, two design formulae related to the minimization of 𝐻𝐻2 norm of performance indicator 
of TMDI were developed. The effectiveness and accuracy of proposed method were validated by 
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using the numerical simulation results. As illustrated in Section 5, the optimal parameters related 
to the analytical formula coincides with the numerical results for firm and medium soil conditions. 
However, the comparison results related to the soft soil condition shows that the numerical results 
approach to MDI for the  mass ratio larger than 1.4, which implies that the MDI is more effect than 
the TMDI in suppressing the acceleration responses of a BI system when the mass ratio is larger 
than the total mass of the BI system. However, it is worthy to note that the analytical result presents 
a comparable performance in suppressing the performance indicator. This implies that the 
analytical solution is an effective alternative for searching the optimal parameters. The comparison 
results in Section 6 elucidate that the proposed two design formulae present excellent seismic 
response control performance in suppressing the absolute acceleration of primary structure as well 
as the isolator displacement. To this end, the proposed methods are effective for improving the 
seismic performance of a BI system with a TMDI. 
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Abstract. Ultrasonic waves, either bulk waves or guided waves, are commonly used for 
non-destructive evaluation, for example in structural health monitoring. Traditional sensors for 
detecting ultrasonic waves include metallic strain gauges and piezoelectric ceramics. Recently 
piezoresistive nanocomposites have emerged as a promising sensor with high sensing range. In 
this paper, a constriction-resistive based sensor made from a graphene reinforced PLA filament is 
developed using a fused deposition modelling 3D printing approach as a novel type of ultrasonic 
sensor for structural health monitoring purposes. The sensor is made of very low-cost and 
recyclable thermoplastic material, which is lightweight and can be either directly printed onto the 
surface of various engineering structures, or embedded into the interior of a structure via fused 
filament fabrication 3D printing. These characteristics make this sensor a promising candidate 
compared to the traditional sensors in detecting ultrasonic waves for structural health monitoring. 
The printed sensors can detect ultrasonic signals with frequencies around 200 kHz, with good 
signal-to-noise ratio and sensitivity. When deployed between two adjacent printed tracks , and 
exploiting a novel kissing-bond mechanism, the sensor is capable of detecting ultrasonic waves. 
Several confirmatory experiments were carried out on this printed sensor to validate the capability 
of the printed sensor for structural health monitoring. 
Introduction 
Engineering structures can deteriorate to an unsafe or unrepairable level that can cause dramatic 
consequences such as endangering human life. Structural Health Monitoring (SHM) has come to 
prominence can detect defects in their early stage without risking the normal functionality of the 
structure under inspection. Ultrasonic SHM is an emerging and promising subfield, owing to its 
ability in monitoring multi-scale structures using both acoustic emission (AE) and guided 
ultrasonic waves (GUWs) approaches in a broad frequency regime [1–4]. 

In ultrasonic SHM, it is critical to develop a network of sensors to quantify and locate structural 
damage [5-7]. A broad range of sensors have been developed for this purpose, including lead 
zirconate titanate (PZT) wafers [8], carbon nanotube sensors [9,10], optical fibres [11], zinc oxide 
sensors [12], and graphene/polyvinylpyrrolidone (PVP) sensor [1]. Since a dense grid of sensors is 
usually required, not only the cost of production is a critical matter, but also sensors’ weight and 
simplicity of fabrication becomes important. In this regard, a number of low-cost piezoresistive 
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sensors composed of nanocomposite, flexible and low-density materials have been developed 
[13,14].  

In this paper, based on the authors’ previous efforts on developing highly sensitive resistive 
strain sensors [15], a novel approach to strain sensing, called Constriction-Resistive (CR) sensing 
is applied for the detection of ultrasonic waves. The sensors are fabricated by a simple and 
low-cost fused deposition modelling (FDM) 3D printing technique and are extremely light weight. 
The morphology and electrical properties of the CR sensors are characterised. The CR sensor’s 
response to ultrasonic wave is acquired and then validated by comparison with a commercial PZT 
transducer’s response. 
Fabrication and Characterization of CR Sensors  
PLA-CNT serves as the sensing material. To fabricate the sensing material, PLA pellets and CNT 
were dissolved in dichloromethane (CHCl2) solvent and then dried at room temperature to obtain 
the PLA-CNT composite with CNT mass fraction of 12%. Then, the composite material was cut 
into pieces and extruded using a twin-screw extruder (Fig. 1a) to make filaments, which were then 
used to 3D print the sensor. The fabrication process for the sensors used in this work is fully 
explained in our previous paper [15, 16] and the step-by-step process is shown in Fig. 1.  

 

 
Fig. 1. Fabrication process of the CR sensors. (a) PLA pellets and CNT nanofillers are first 

solution-mixed and then fed into a twin-screw extruder. A filament is extruded through a nozzle at 
the end of the extruder. (b) The extruded filament is then used to 3D print the sensors on an 
aluminum plate. (c) dimensions of the printed sensors. (d) Illustrative definition of (i) infill 

density/ratio of 3D printed sensor layer as ratio between track width, b, and the track spacing, a. 
(ii) raster angle (θ) of 3D printing. (e) An image of the 5 different printed sensors and two PZT 

transducers on the aluminum plate; 1) a single horizontal line, 2) a single vertical line, 3) a 90% 
infill density sensor, 4 and 5) two 95% infill density sensors. 

 
When two conducting materials come into contact, the true area of contact at the interface 

determines the true cross-section through which the electronic flow occurs. The flow of electrons 
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or current bent together through these contact areas causes an increase in resistance beyond fully 
conducting surfaces.  This contact resistance is also known as constriction resistance [15, 17]. The 
CR sensors were fabricated using an extremely simple FDM 3D printing technique. Three types of 
CR sensors and two single-track sensors were fabricated as shown in Fig. 1e. In 3D printing, infill 
ratio, which is defined as b/a, where b is the width of the printed tracks and a is the spacing 
between two neighbouring tracks, is an important parameter (Fig. 1d). By changing the infill 
density one can change the contact level of the printed neighbouring tracks, and therefore the level 
of constriction resistance existing between them. Changing the infill ratio affects the strength of 
the kissing bond existing between adjacent tracks. Utilising this parameter, CR sensors can be 
designed to display significantly higher sensitivity to deformation or vibrations compared to the 
solid sensors. 

Optical images of the sensors with 85%, 90%, 95% and 100% infill densities are shown in Fig. 
2. The SEM image of the fractured surface of the 3D printed PLA-CNT sensor (Fig. 2e) confirms 
the  existence of CNT in the polymer matrix.  

 

Fig. 2. Microstructure characterisation of the sensor materials. Microscopic images of the 3D 
printed PLA-CNT sensors with different infill densities (a) 85, (b) 90, (c) 95 and (d)100%. The 

scale bars are 500 µm. (e) SEM image of fractured cross-sectional view of the 3D printed sensor. 
 
Sensor Performance in Detection of Ultrasonic Wave 

To evaluate the performance of the sensors in the detection of ultrasonic waves, the sensors 
were 3D printed on an aluminium plate and were tested to see if they can detect the strain induced 
by a propagating wave in the plate generated by a lead zirconate titanate (PZT) piezoelectric 
transducer. Strain generated by the wave motion induces a resistance change in the sensors which 
is then transformed into voltage using a Wheatstone bridge and recorded through an oscilloscope. 
The schematic of the experimental setup is shown in Fig. 3. 

The sensors’ signals were recorded for a 3-cycles ultrasonic excitation wave with a frequency 
of 200 kHz. The results are shown in Fig. 4. Sensors 1 and 2 were unable to detect the source 
signal, whereas sensors 3, 4 and 5 were able to detect it. Since sensor 1 and 2 are just single tracks, 
there is no constriction resistance and therefore they do not show any sensitivity to acoustic 
excitation. On the other hand, sensor 3, 4 and 5 consist of weak contacts between printed tracks 
which makes them sensitive to the strain induced by the acoustic wave.  
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Fig. 3. Schematic of the experimental setup. The input signal is first generated in the desired form 
and then the signal is amplified using the amplifier and then transmitted to PZT 1 to generate the 
input ultrasonic wave. The sensors’ output signal, which is resistance, is transformed into voltage 
using a Wheatstone bridge and then transmitted to oscilloscope for data acquisition and finally the 

data is saved on a laptop for further processing.  

 
Fig. 4. CR Sensors’ performance in detection of ultrasonic wave. Sensors 1 and 2 were unable to 

detect the source signal, whereas sensors 3, 4 and 5 were able to detect it. 
 
In order to verify the sensors’ response, a second PZT was attached to the plate near the location 

of the sensors as a receiver. The strain generated by the wave motion from PZT 1 induces a voltage 
change in PZT 2. The recorded signal for a 3-cycle 200 kHz tone burst for PZT 2 and CR sensor #4 
are plotted in Fig. 5. As shown in this figure, the sensor’s response is verified. Although the 
received signal by the sensor is weaker than the one obtained with PZT 2, the sensor can detect the 
input signal with a higher resolution and less noise compared to the PZT.  
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Fig. 5. Comparison of the CR sensor’s response with PZT 2. This verifies the sensor’s response 

although the received signal by the sensor is weaker than the one obtained by PZT 2. 
Conclusions 
We presented a novel design for damage detection and SHM of component. Our 3D printed 
constriction-resistive strain sensors are responsive to tiny deformations under acoustic vibration. 
Infill ratio has been found to play a key role in the sensitivity of the sensors. As shown in Fig. 5, the 
sensors were able to successfully predict the source signals with minimal error. The limitation of 
the current sensors is their low sensitivity and we are currently conducting more experiments to 
enhance the sensitivity of the CR sensors. Furthermore, a full study for better understanding of the 
sensing mechanism is undergoing. 

Considering the rapid development of 3D printing techniques, this research paves the way for 
low cost and accessible techniques to enable in-situ and offline SHM of damaged components. 
Summary 
In this paper, a constriction-resistive ultrasonic wave sensor is presented that is fabricated through 
simple FDM 3D printing and can be employed for structural health monitoring applications. 
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Abstract. As a modern high-tech rail vehicle, the maglev train realizes the non-contact suspension 
and guidance between the train and the guideway, which greatly reduces the resistance of the 
system. Due to the high-speed operation characteristics of maglev trains, the structural health 
monitoring of guideway girders is particularly important for the safety and stability of maglev train 
operation. This paper takes the maglev train guideway girder as the monitoring target, and the 
finite element model of the maglev vehicle-guideway is established to simulate the running state of 
the train passing through the guideway girder. The dynamic response data of the guideway girder 
is obtained in the finite element model, considering healthy states and different damage states of 
the guideway girder. Then, a modal-based damage identification method is proposed, which 
obtains the guideway girder damage sensitive characteristics by decomposing the guideway girder 
acceleration response signal. Finally, based on the measured guideway girder acceleration data, 
this paper verifies the effectiveness of the damage identification method in guideway girder 
structure health monitoring, which provides reference and guidance for the future maintenance of 
the maglev guideway girder. 
Introduction  
The 600 km/h high-speed maglev has an irreplaceable role in the transportation of the core city 
circle. At present, relevant theoretical knowledge and experimental researches are being 
vigorously carried out. With the continuous improvement of vehicle speed and carrying capacity, 
the structural health of the high-speed maglev track has become more prominent in operation and 
maintenance. 

Current maglevs are often overhauled based on operating mileage or operating years, 
however track damage cannot be found in time, and maintenance costs and time costs are high. 
The structural health monitoring system can provide real-time warning when the track is damaged 
[1-3], accurately locate the damaged part[4], and ensure driving safety and stability. However, 
there are few researches on structural health monitoring systems related to maglev rails, especially 
high-speed maglev rails. 

The idea of wavelet theory adopted in this paper was formed at the beginning of last century. 
The Haar system proposed by Haar is the first orthogonal basis of wavelet specification. In 1980, 
French mathematician Morlet proposed the wavelet transform. Morlet and French theoretical 
physicist Grossman jointly proposed several systems of continuous wavelet transform, which are 
based on invariance under translation and contraction. This immutability allows a signal to be 
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decomposed according to its independent contributions to space (time) and scale (frequency), It is 
particularly important that the transform do not lose the original information. Using wavelet 
transform to identify modal parameters, Firstly, based on the good time-frequency analysis 
capability of the frequency modulated Gaussian wavelet transform and the band pass filtering 
property, the system is automatically decoupled. Then the modal parameters are identified from 
the wavelet transform of the impulse response function. Continuous wavelet transform method for 
structural modal parameter identification is a new direction in the field of modal analysis, which 
was first published by Staszewski in 1997[5]. This method takes advantage of the attenuation 
characteristic of wavelet function, which is similar to the attenuation of structural system's free 
response signal in form. A clear ridge line can be formed in the time-scale (time-frequency) plane 
by continuous wavelet transform of free response signal based on stationary phase theory. By 
extracting the wavelet transform coefficient of the ridge line, the modal parameters of the system 
can be separated. Ruzzene et al[6] used this method to identify the free response parameters of the 
multi-degree of freedom system, and pointed out that this method was superior to Hilbert 
transform in instantaneous frequency identification. Scholars have studied the damping, natural 
frequency and mode identification of linear systems [7-12].For the parameter identification of 
nonlinear system, Staszewski adopts the concept of instantaneous phase to identify the 
instantaneous frequency and amplitude variation of the system[13]. Yonggang Wang and Jinghua 
Zhang adopted a different wavelet operation [14] and derivation process from Staszewski to study 
the extraction of modal parameters and derivation of related theories focusing on linear structural 
systems. For the selection of wavelet transform parent wavelet, Morlet wavelet was used at the 
beginning, then Cauchy wavelet [9] and Harmonic wavelet line[7] used in mathematical 
operations. Simonovski [15] made a comparative study of multiple parent wavelets and obtained 
the advantages of Morlet wavelet for modal parameter identification. 

In summary, the wavelet transform method of modal analysis is a new method of modal 
parameter identification, which is gradually attracting international attention. The direction of the 
research problem has been in-depth from the identification of modal parameters such as damping, 
natural frequency, and mode of linear multi-degree-of-freedom systems to the parameter 
identification of nonlinear systems. 
Wavelet Transform Theory 

Set ,
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on parameter 𝑎𝑎 and 𝑏𝑏. Since 𝑎𝑎 and 𝑏𝑏 are continuous value, the corresponding function wavelet 
basis function family { }, ( )a b tψ  is called the continuous wavelet basis function. Let 𝜓𝜓(𝑡𝑡) be a 
wavelet function, the continuous wavelet transform is defined as formula (1), and the 
corresponding frequency domain is expressed as formula (2). 
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Let the window radius of the wavelet function 𝜓𝜓(𝑡𝑡) be 𝛥𝛥𝑡𝑡, and center be 0t . Then the window 
radius of its Fourier transform 𝜓𝜓

∧
(𝑤𝑤) is 𝛥𝛥𝑤𝑤，, and center is 0w . The relational expressions of 0t and 

0w are as formulas(3) and formulas (4), while the relational expressions of 𝛥𝛥𝑡𝑡，𝛥𝛥𝑤𝑤 and 0w are as 
formulas (5) and formulas (6). 
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The center of the window of , ( )a b tψ is , 0a b a bt t= +  and the width is ,a b a tt = ∆∆ . The center of the 
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frequency components in the frequency window with the center frequency of 0w
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in the time period  at the position 𝑏𝑏. When the function 𝜓𝜓(𝑡𝑡)满satisfies the allowable 

condition of formula (7), the inverse transformation of continuous wavelet transform is as formula 
(8). 
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As the wavelet generated by the base wavelet , ( )a b tψ acts as an observation window for the 
signal being analyzed in the wavelet transform, 𝜓𝜓(𝑡𝑡) satisfies the constraint condition of the 
general function, as shown in formula (9). 
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∫ |𝜓𝜓(𝑡𝑡)|+∞
−∞ 𝑑𝑑𝑡𝑡 < ∞.                                                        (9) 

Modal Parameter Identification And Selection of Wavelet Function 
Basic principle of modal parameter identification based on Wavelet Transform 
Suppose the signal to be identified is 𝑥𝑥(𝑡𝑡) = 𝐴𝐴(𝑡𝑡) 𝑐𝑐𝑐𝑐𝑐𝑐(𝑤𝑤𝑡𝑡). The analytic signal obtained by 
Hilbert transform is formula (10), where 𝐻𝐻[𝑥𝑥(𝑡𝑡)] is the Hilbert transform of 𝑥𝑥(𝑡𝑡), as in formula 
(11). 
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The analytic signal after Hilbert transform has the same amplitude and frequency range as 
the original signal, which contains the phase information of the original data. The wavelet 
transform relationship between signal 𝑥𝑥(𝑡𝑡) and its analytical signal ( )a tx  is shown in formula 
(12), and the specific analytical formula is shown in formula (13).  
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Since the wavelet function , ( )a b tψ  has compact support, the Taylor series of 𝐴𝐴(𝑡𝑡) near 𝑡𝑡 = 𝑏𝑏 
can be expanded as formula (14). 
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Omitting the higher order terms, we get the following results: 

*
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System modal parameter identification 
The expression of the impulse response function of single-degree-of-freedom viscous damping 
system is shown in formula (16), where 0A  is the vibration amplitude. dw  and nw  are 
respectively the pi ratio of the system without damping and with damping, and

21d nw wξ= − ；𝜉𝜉 is the damping ratio. 0ϕ  represents the initial phase. 

0 0( ) cos( )nw t
dx t w teA ξ ϕ−= + .                                           (16) 
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The wavelet transform of impulse response function of single-degree-of-freedom viscous 
damping system is shown in formula (17), then the modulus and phase of wavelet transform 
coefficients are shown in formula (18). The relationship between damping and frequency of 
transformed system is shown in formula (19). 
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The expression of impulse response function of multi-degree-of-freedom viscous damping 
vibration system is shown in formula (20), where 0( ) niii i

twt eA A ξ−= ；N represents the 

modal order. 0iA 、 niw 、 diw and iξ are respectively the 𝑖𝑖 -th order amplitude, natural 
frequency of undamped vibration, natural frequency of damped vibration and damping ratio, and 

21di niiw wξ= − . 
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The impulse response function of multi-degree-of-freedom viscous damping vibration system is 
subjected to wavelet transformation as formula (21). 
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Considering the linear nature of the wavelet transform, expanding the Taylor series  near  
, and omitting the higher-order terms, it turns to formula (22). Decoupling the modes of each 

order, the wavelet transform expression of each independent mode after decoupling is shown in 
formula (23). 
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To sum up, for a system with degrees of freedom, calculate the wavelet transform coefficient of 
the response function of each degree of freedom for the K-th degree of freedom at a certain time  
( tb b= ) according to formula (23). Thus the 𝑖𝑖-th vibration mode of multi-degree-of-freedom 
system is obtained as formula (25). Different modes can be obtained by taking different values of 

. 

1
( )
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i
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High-speed Maglev Experiment Analysis 
The long-span beam is a typical representative of traditional structural system, and has many 
similarities with bridges. It is generally composed of beam body, bearing, buttress and foundation. 
The track beam used in high-speed maglev is called guideway. Due to the levitation characteristics 
of maglev transportation, such a guideway has high requirements for deformation and low 
tolerance for damage. Therefore, health monitoring and damage identification are of great 
significance. In this paper, an online real-vehicle vibration experiment study was conducted on the 
Shanghai high-speed maglev test line. In this study, 21 measuring points were arranged for a 
single-span track beam with a span of 12 meters for testing, including 14 vertical measuring points 
and 7 lateral measuring points. The acceleration time-domain curves of measuring points 
No.7(vertical), No.8(vertical), and No.18(lateral) are shown in Fig.1. 

 

（a） Measuring point No.7(1024Hz)
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（b）Measuring point No.8(1024Hz)
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（c）Measuring point No.18(1024Hz)
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Fig. 1 Time domain diagrams of vibration acceleration 
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The three measuring points are all located near the middle span of the bottom of the guide rail. 
The response of the guideway excited by the maglev vehicle is obvious. The peak value of vertical 
acceleration is between 0.6-0.8m/s², and the peak value of lateral acceleration is between 
0.8-1.0m/s². The mass of the vehicle is about 60t, and the preliminary estimation of the 
acceleration time-domain curve is reasonable and effective.  

In order to further verify the accuracy of the test data, this paper introduces the correlation 
function for comparative analysis to determine whether the measuring points or test equipment 
have the relevant coupling. The acceleration time-domain curves of measuring points No.7, No.8 
and No.18 are real functions, and their correlation functions are shown in Fig.2. 

 

（a）Measuring point No.7 And No.8
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（b）Measuring point No.7 And No.18
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（c）Measuring point No.8 And No.18

0 50 100 150 200

Frequency [Hz]

0

0.2

0.4

0.6

0.8

co
he

re
nc

e 
fu

nc
tio

n

 
Fig. 2 Correlation functions of measuring points 

Comparing these functions, the correlation between measuring points No.7 and No.8 is 
relatively large. The two measuring points are located on both lateral sides of the same 
cross-section of the beam, and they are both vertical accelerations. Therefore, the correlation is 
quite high in the low frequency range. The guideway vibration is dominated by low-frequency 
vibration, which is concentrated below 100Hz. This is consistent with the measured data. The 
correlation between measuring points No.7 and No.8 clearly decreased, especially in the low 
frequency range. In the low frequency range, the correlation function is lower than 0.8, which can 
be considered uncorrelated. It fully shows that the coupling degree of lateral vibration and vertical 
vibration of the guideway is relatively low, which is consistent with the theoretical analysis. 
Similarly, the correlation between measuring point No.8 and No.18 is also low. 

The power spectrum represents the change of signal power with frequency in the unit frequency 
band, and reflects the distribution of signal power in the frequency domain. The shape of the power 
spectrum is without obvious burrs, and is relatively smooth, as shown in Fig. 3, which indirectly 
proves the accuracy of the experiment. 
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（a）Measuring point No.7
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（b）Measuring point No.8
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（c）Measuring point No.18  
Fig. 3 Power spectrum density 
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The modal identification can be performed after Wavelet transform of the measuring point data. 
Take the measuring point No.7 and No.18 as an example, and the results of Wavelet 
transformation are shown in Fig.4. 

   
Fig. 4 Time domain and frequency domain comparison of Wavelet transform 

According to the three-dimensional graph of the time, frequency, and Wavelet coefficients of 
the acceleration data of the measuring points, the vibration frequency of the measuring points is 
mainly concentrated in the low frequency below 100Hz. In other words, low frequency vibration is 
dominant. 
Conclusion 
The vibration test of Shanghai high-speed maglev test line fully reflects the vibration 
characteristics of the high-speed maglev guideway system after long-term use, for instance, the 
vibration frequency can be filtered by wavelet transform, and some vibration characteristics of 
guideways can be obtained. It is of particular significance for the following experiments and 
simulation model iterative updating, modal identification flaw detection and maglev 
guideways health monitoring experiment. According to the experimental analysis, it can be 
concluded that: 

1) It is low that the coupling degree of vertical and lateral vibration of long-span high-speed 
maglev guideway. In the health monitoring experiment, it should be considered and compared 
respectively, and the specific quantitative correlation function is used to assist data processing and 
analysis; 

2) By comparing the modal simulation and measured data of the high-speed maglev guideway, 
the vibration of the high-speed maglev guideway is mainly concentrated in the low-frequency 
band below 100Hz, and it is difficult for the operation of maglev vehicle to stimulate 
high-frequency vibration; 

3) The lateral vibration of the high-speed maglev guideway is obvious, which will affect the 
lateral guide gap of high-speed maglev. Therefore, it can not be ignored in health monitoring, and 
vertical suspend gap and lateral guide gap should be considered comprehensively. 
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Abstract. In recent years, the number of single elderly people has been increasing, and the needs 
of residents have been diversifying. Towards these backgrounds, we propose the concept of 
"Biofied bulding". The aim of Biofied Building is to create living spaces where residents can live 
safely, securely and comfortably. Small robots are used as an interface between residents and 
living space in Biofied Building. The aim of using robots is to sense the position and movement of 
residents in real time and providing feedback to them. However, the present control systems of the 
robot do not have enough functions to estimate the risk of accidents such as falls and choose the 
pathways which do not disturb residents. Therefore, the purpose of this research is to recognize 
and predict human behavior in a living space by using a robot to realize Biofied Building. In 
particular, we focus on the direction change motion, which is an important behavior in a living 
space, and extract the prediction parameters. In particular, it is reported that the direction change 
motion account for about 20% of gait during the daily life. Therefore, our research group decided 
to focus on direction change motion. In this study, we focused on the center of the head to extract 
parameters for prediction of the direction change motion. There are features in the velocity change 
of the center of the head compared with straight-line gait. There was a velocity amplification of the 
opposite direction of the direction change before the start of the motion. It is assumed that the shift 
of the center of mass make it to easier to step out to the direction of the turn. 
Introduction 
In recent years, the number of single households has been increasing and lifestyle has been 
diversified. Towards these backgrounds, we suggest the concept of “Biofied Building” in which a 
small sensor agent robot provides a safe, secure, and comfortable living space. The purpose of 
using the robot is sensing the positions and motions of residents in real-time. However, the present 
control systems of the robot do not have enough functions to estimate the risk of accidents such as 
falls and choose the pathways which do not disturb residents. A motion prediction will be a key 
function of the robot control system to realize more safe, secure, and comfortable living spaces. 

Many conventional motion prediction methods use RNN (Recurrent Neural Networks). These 
methods mainly have two problems. The one is that it is difficult to implement due to the necessity 
of the big data and the large calculation cost. The other is that the physical constraint of the body is 
not considered. Hence, our previous study proposed a simple motion prediction method of gait 
based on human dynamics. However, the method needs to expand to be applied to non-steady 
motion since its target assumed only steady motion. 
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Among the gait which is the most basic one of activities of daily living, the gait in which the 
paths are not straight account for over 40%, and direction change motion account for about 
20%[1][2]. Therefore, our research group decided to focus on direction change motion. 

The motion prediction systems can be distinguished into three types: the optical motion capture 
system, the inertial motion capture system, and the skeleton tracking function by RGB-D sensors. 
Our research group has conducted an exhaustive extraction of predictive parameters for the 
direction change motion using an inertial motion capture system. However, this method has a 
problem that an inertial motion capture system is a contact sensor. Therefore, we aimed to 
establish a more practical system by using RGB-D sensors. As a first step, we investigated 
parameters of motion predictions by using the optical motion capture system and aimed to 
establish a motion prediction method.  
Device and Experiment 
Device: VICON (The optical motion capture system)[3] 

A motion capture system measures the body and joint position of time series. In recent years, 
motion capture systems have been used in a wide range of applications such as human motion 
analysis, rehabilitation, humanoid robotics, and residential and urban space evaluation. The optical 
motion capture system captures marker position which are attached body parts using multiple 
cameras to estimate the three-dimensional position. We have been developing a system to estimate 
the human body's position and joint angles by mapping the markers to a predefined articulated 
human body model. This is called inverse kinematics. There are two advantages of this system. 
First of all, it is small, lightweight and wireless. Therefore, subjects can move relatively freely. 
Secondary, the accuracy of absolute position is high. On the other hand, it needs a lot of 
technology and space to install and calibrate multiple cameras. 
 

 
Fig.1 VICON (The optical motion capture system)[3]  
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Experiment 
The experiment was conducted on the campus of Keio University. Subjects were 6 students in their 
twenties (males: 2 , females: 4). They were required to make a direction change motion voluntary 
within a specified range. They were not specified their own walking speed, they walked with their 
own comfortable walking speed. This experiment image is shown in Fig. 2. The number of trials 
was one each for straight-line and direction change, and the data of 12 trials were used. 
 

 
Fig.2 The condition of the experiment 

 
Definition of direction change period  
We define the initiation and termination of direction change motion. The definition was based on a 
previous study.[4] The angle of the lumbar region in steady gait before the direction change was a 
standard, and the relative angle in the direction of rotation was used for the definition. The relative 
angles are shown in Fig. 3. These values were calculated from the placement of lumbar taken by 
VICON. Fig. 3 shows that the subject walked in the straight-line from 0 to 2 seconds, and after 2 
seconds, the subject's lumbar rotation increased and changed by almost 90°and subject walked in a 
steady again. The start time of the direction change was defined as the time when the rotation angle 
of the lumbar region exceeds a minimum value of one step before the end of the steady gait and the 
swing leg's heel contacts the ground. Likewise, the end time of the direction change was defined as 
the time when the rotation angle of the lumbar region exceeds the maximum value of rotation 
angle and the swing leg's heel contacts the ground. 
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Fig. 3 Definition of direction change period 

Parameter for prediction  
We consider the difference between the straight-line gait and direction change. As the direction 
change is a circular motion performed on the walking surface, it is assumed that the centrifugal 
force is added as an inertial force apart from the ground reaction force and gravity during the 
direction change. In order to resist the inertial force, it is considered to be efficient to change 
direction by shifting the center of gravity of the body by tilting the trunk in advance.  In addition, 
the previous study [5] shows that the head movement is the most preceding movement in the 
direction change motion. Therefore, we focused on the movement of the head's center of mass to 
capture the cues for prediction of direction change motion.  

In Fig.4 shows that the 4 retro-reflective marker were placed at the following anatomical 
locations of head; the right forehead (RFHD), left forehead (LFHD), right back of head (RBHD), 
left back of head (LBHD). As the center of mass of the head, the values of the midpoint of these 
four points were used. In this study, we focused on the changes of the left and right sides of the 
head (x-y direction) during direction change. Therefore, we did not consider the height (z 
direction) of the head. 
 

 
Fig. 4 Marker placement of head 
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Result 
Position change of center of mass 
Figs. 5 and 6 show the trajectory of the center of gravity of the head and both ankles, in 
straight-line gait and direction change. In Fig. 5 (b), the trajectory of the center of the head before 
the change of direction is shown as a dashed line and the trajectory after the start of the direction 
change is shown as a solid line. In the straight-line gait in Fig. 5 (a), the center of  the head is 
located between the left and right ankles and draws a straight trajectory, whereas in Fig. 5 (b), the 
center of head shifts to the right side immediately after the start of the direction change. However, 
there were no signs that were useful in predicting, therefore we focused on the changes of the 
velocity of the center of head and plotted it in Figure 6. 
 

             
 

(a) the straight-line gait                         (b) the direction change 
Fig. 5   Trajectory of center of head and ankle positions  
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Velocity change of center of mass 
The dashed red line in Fig. 6 is the start time of the direction change motion. Fig. 6 shows that the 
value of the x-velocity before the direction change motion is larger than the those in the 
straight-line gait. This result was shown in 5 of the 6 subjects and Table.1 shows the amplification 
of the velocity in the x-axis. The average value of the velocity in the straight-line gait were used. It 
shows that it is amplified by 20-80% compared to the straight-line gait. This amplification 
occurred around the time when the opposite foot of the initiation foot of the direction change 
contacted the ground. Therefore, the center of head shifted to the left side once before the direction 
change. That made it easier to step out to the right side. However, there are individual differences 
in this behavior and there is a bias in the amplification rate. 

 
(a) the straight-line gait                 (b) the direction change 

Fig. 6 Velocity changes of center of mass of head 
(blue line: X, red line: Y, yellow line: Z) 

 
Table. 1 Amplification factor of velocity changes of center of head 

Subject 
Direction change 
(x) 

Straight-line gait 
(x) Amplification 

factor [%] peak [mm/s] average [mm/s] 
1 157.2 126.6 24.17 
2 124.3 79.00 57.34 
3 295.0 284.0 3.89 
4 306.4 207.5 47.70 
5 191.6 141.0 35.89 
6 124.1 71.27 74.18 

 
Conclusion and Future plan 
In this study, we focused on the center of the head to extract parameters for prediction of the 
direction change motion. In the velocity change of the center of the head, compared with 
straight-line gait, there was an amplification of the velocity opposite direction of the direction 
change before the start of the motion. It is assumed that the shift of the center of mass make it to 
easier to step out to the direction of the turn. 
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In the future, it is necessary to compare the conditions of the direction change motion to make it 
more versatile.  The conditions of the direction change motion mean "step turn" and "spin turn", 
change of direction angles [6]-[9]. In addition, there is a task to increase the number of subjects. 
Furthermore, we need to investigate the center of gravity of each segment and the relationship 
between segments during preliminary action of the direction change. 
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Abstract: With the development of the cable-stayed bridge, the anchorage form on pylon of 
cable-stayed has been improved and innovated continuously, and the anchorage methods such as 
circumferential prestressed anchorage, steel anchor beam and steel anchor box have been 
gradually formed and developed, which further increases the span of cable-stayed bridge and 
meets the social needs of economic development and environmental integration. The group 
aggregated anchorage system between cable and pylon is a kind of anchorage form outside the 
pylon, which has the characteristics of clear force transmission, simple structure and high 
construction efficiency. It has been successfully applied in Chizhou Yangtze River Bridge for the 
first time. The main span of Chizhou Yangtze River Bridge is 828m, and the cable-stayed bridge 
with spatial cable plane of two towers is constructed. Six steel beams are deployed between tower 
legs to anchor 54 pairs of cables respectively. The steel beams and the concrete tower columns are 
effectively connected by prestressed anchors, shear nails and short steel bars, which could transfer 
the cable force to the tower column reliably. This kind of anchoring system has clear force 
transmission, which could reduce the tensile stress of concrete tower column and the risk of 
concrete cracking. Meanwhile, the steel beam could be constructed by the engineering 
manufacture and the field installation, which could reduce the working time at height, further the 
construction quality and safety could be controlled. Based on the construction of Chizhou Yangtze 
River Bridge, this paper mainly introduces the proposal, construction, key construction technology 
and engineering application effect of group aggregated anchorage system. The engineering 
practice proves that this new type of anchorage could not only meet the basic requirements of the 
intrinsic safety of the bridge, but integrate with the regional culture to create the beauty of natural 
harmony as well.  
Introduction 
The construction of cable-stayed bridge in China is relatively late. The first cable-stayed bridge is 
Yunyang Bridge in Sichuan Province, which was built in 1975. The span of this double tower 
cable-stayed bridge is 75.84m. The construction of this bridge has promoted the development of 
cable-stayed bridge in China. In the following ten years, the dense cable system was developed and 
applied. The completion of Shanghai Maogang Bridge and Jinan Yellow River Bridge brought the 
construction of cable-stayed bridge into the 200-meter era. Since the 1990s, due to the needs for 
crossing wider river, cable-stayed bridge has been developed rapidly, and the main girder has been 
lighter [1]. At this stage, the span of cable-stayed bridge has exceeded 600m, even reached the 
kilometer level. A series of landmark bridges have been built in succession, including Shanghai 
Yangpu Bridge, Wuhan Baishazhou Bridge, Sutong Yangtze River Bridge, Hong Kong 
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Stonecutters Bridge. The breakthrough and innovation of cable-stayed bridge construction 
technology has made the development and construction of cable-stayed bridges in China into the 
world's advanced ranks. 

The span capacity of cable-stayed bridge is improved continuoustly, which means that the load 
level would increase, and the structural safety problem would become more prominent. The 
anchorage structure of stay cable and bridge tower is an important structure to transfer the local 
concentrated force of a cable to the tower column safely and uniformly [2]. The structure of Cable 
Tower Anchorage Zone is closely related to many factors, such as the layout and quantity of 
cables, the form and structure of cable tower. Besides, the stress state is complex, which is one of 
the focuses and difficulties in the design and construction of cable-stayed bridge [3-4]. The common 
forms of cable anchorage include side wall anchorage, steel beam anchorage, cross anchorage, 
steel anchor box, etc.[5]. With the development of cable-stayed bridge, the cable tower anchorage 
structure is also constantly improved and innovated. 
Anchorage of Cable and Concrete Tower 
In the early stage, the tower column in the anchorage section of medium and small span 
cable-stayed bridge was solid section, and the cross anchorage structure was mostly used, while it 
is rarely used at present. In recent years, non-staggered anchorage structure has been widely used 
in long-span cable-stayed bridges, such as circumferential prestressed anchorage, steel anchor 
beam and steel anchor box anchorage. 

The circumferential prestressed anchorage method uses the external force generated by the 
prestressed steel bundle to balance the internal force generated by the cable force in the tower 
column. It has the characteristics of simple structure, low engineering cost and small maintenance 
workload in the later stage. It is widely used in Yangpu Bridge, Jingzhou Yangtze River Highway 
bridge, South Branch of the Second Nanjing Yangtze River Bridge, etc. However, due to the 
extrusion of prestressed tendons in the bending zone, the stress distribution is complex, and the 
values of elongation and friction coefficient are not clear, and the data measured by the test are 
quite discrete[6-7]. In addition, according to the related research results[8-9], when the span exceeds 
800m, the prestressed tendon tonnage is very large, and the thickness of tower column wall and the 
number of prestressed steel strands will increase, resulting in prestressed tension. Therefore, the 
circumferential prestressed anchorage is not suitable for the super long-span inclined bridge. 
Instead, the steel anchor beam steel (or concrete) corbel combination anchorage form and steel 
anchor box anchorage form are used. 

The steel beam in the anchoring form of steel beam is installed inside the hollow tower column 
and supported on the concrete or steel corbel of the inner wall of the concrete tower column, which 
is an independent and stable component, and mainly bears the horizontal tension, vertical 
component force and eccentric bending moment of the cable. The steel beam sustains the 
horizontal component of the stay cable, which could effectively reduce the tension stress produced 
by the horizontal component of the cable in the concrete tower column. This kind of anchorage 
structure is simple and clear, and has been widely used in cable-stayed bridges at home and abroad, 
such as Jintang Bridge, Jingyue Yangtze River Highway Bridge, North Branch of Xiazhang 
Bridge, etc. After continuous improvement, the steel beam-steel corbel anchorage form could 
adapt to the space cable surface, easy to achieve the industrial production of integral assembly, and 
the construction could be faster. 

Compared with prestressed anchorage and steel anchor beam anchorage, the steel anchor box 
anchorage is widely used in cable-stayed bridges with span greater than 600m, such as Sutong 
Yangtze River Highway Bridge, Stonecutters Bridge, Normandy Bridge in France, Hangzhou Bay 
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Sea Crossing Bridge, etc. The main components of steel anchor box are composed of pulling plate 
along bridge direction, end bearing plate, web, bearing plate under anchor, anchor plate, stiffening 
rib, working platform and others [10]. The horizontal component of the stay cable is borne by the 
steel anchor box pulling plate, and the vertical component of the stay cable is transmitted to the 
concrete tower through the stud. The advantages of steel anchor box anchorage are similar to that 
of steel anchor beam, which could be made in factory, installed on site, and easy to detect and 
maintain. Moreover, the steel structure has reliable stress and easy to control the position and angle 
of anchor point. However, due to the large amount of steel used, the internal space of the tower 
column is required to be large, and the hoisting equipment and installation demand high accuracy. 
What’s more, under the condition of the cable balanced horizontal force, the concrete of the tower 
column would also produce tension stress, which is unfavorable to the durability of the structure. 

According to statistics, the steel-concrete composite anchorage system is used for built 
cable-stayed bridges where the span is more than 600m. This anchorage system could full perform 
the tensile strength of steel and the compressive properties of concrete materials, and could realize 
factory prefabrication, controllable construction quality, high safety and easy maintenance, which 
has been widely used in super long-span cable-stayed bridges. 
The Group Aggregated Anchorage System and Construction Technology 
The Group Aggregated Anchorage System 
The group aggregated anchorage system is a relatively new type of stay cable tower anchorage 
system. The cable is grouped and separately anchored on multi-channel steel beams between 
towers. The steel beam and concrete tower column are reliably connected by prestressed anchor 
rod, shear nail and short steel bar, so as to achieve the external anchorage of stay cable tower 
end[11,12]. The cable plane layout of the structure of the grouped aggregated cable tower is more 
novel and unique, which enhances the visual appreciation and impact force. It has been proposed 
and applied in Chizhou Yangtze River Bridge for the first time. 

Chizhou Yangtze River Highway Bridge (see Figure 1) is a cable-stayed bridge with two pylons 
and spatial cable plane with main span of 828m. As is known to all, every bridge across the river is 
a landmark structure of a city, which needs functional, cultural and aesthetic value. In the design 
process of the main tower of the bridge, since Chizhou Yangtze River Highway Bridge is located 
in Chizhou Jiuhua Mountain Buddhist holy land, the construction team creatively integrates 
Buddhist cultural elements into the main tower design of the bridge. The main tower adopts the 
vase type concrete cable tower scheme. In the upper tower section, 54 pairs of stay cables divided 
into 6 groups and anchored on the steel cross beams between towers, so as to create the radiation 
effect of Buddha beads beam, and closely echo the bridge aesthetics and regional culture. 

 
Fig. 1 Effect Drawing of Chizhou Yangtze River Highway Bridge 
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The steel cross beam between towers of the bridge adopts box structure. There are three 
diaphragms set in the middle along the transverse direction of the bridge, and the anchor box of the 
cable is set between the diaphragms (see Figure 2). The end of the steel beam is welded with the 
embedded steel plate on the concrete tower wall, and the high-strength anchor rod is used to 
connect the steel beam and the tower column. One end of the anchor bolt is anchored on the 
anchorage bracket of the steel beam side, and the other side is anchored on the steel anchor plate in 
the concrete tower column. The tension is carried out by the step-by-step tensioning and anchoring 
technology. Whar’s more, the embedded steel plate is welded with the vertical reinforcement of 
the outermost layer of the tower column through short steel bars. The bridge load is transmitted to 
the tower column through the cable, and the horizontal component of the cable is borne by the 
vertical and horizontal steel plate of the steel beam, meanwhile the vertical component is 
transferred to the steel beam, which produces bending moment and shear force at the beam end of 
the steel beam. The bending moment is mainly borne by the prestressed anchor rod, and the 
steel-concrete joint surface produces large static friction force by using the split anchor rod, which 
could resist the shear effect. Such structure could significantly improve the force of concrete tower 
columns. 

 
Fig. 2 Structural Diagram of Steel Beam between Towers 

Key Construction Technology of the Group Aggregated Anchorage System 
The construction of the group aggregated anchorage system mainly involves the fabrication and 
processing of the steel beam between the towers, the installation of the steel beam between the 
towers, and the installation and tension of the stay cables. The first three items are closely related 
to the anchoring structure and are the important factors affecting the construction quality and 
safety of the tower columns. 



Structural Health Monitoring  Materials Research Forum LLC 
Materials Research Proceedings 18 (2021) 294-301  https://doi.org/10.21741/9781644901311-36 

 

 

 298 

The steel beam between the towers of Chizhou Yangtze River Highway Bridge is 7.0m high, 
5.5m wide along the bridge direction and 7.0m wide in the transverse direction. The steel beam is 
divided into three sections along the transverse direction of the bridge, and the middle block is 
divided into two blocks along the longitudinal direction of the bridge. The four blocks are 
connected by high-strength bolts. The maximum weight of a single block is 68t (see Figure 3). 
Since there are many groups of cable anchor boxes and diaphragms inside the steel beam, many 
small boxes and lattice space are formed inside the steel beam. The welding seam is dense, and the 
plate is thick; furthermore, there are many penetration welds and deep groove welds. The welding 
deformation control and weld quality would directly affect the site construction accuracy and 
structural bearing performance. 

Welding deformation could be ensured by assembly process, welding method and welding 
sequence. The middle block could be assembled according to the sequence of separately 
assembling anchor box unit, middle web, side web, top and bottom plate, joint plate, reinforcement 
plate and stiffening rib, in which the key point is the angle accuracy of anchor head. Besides, the 
assembly sequence of side block could be organized as follows: embedded steel plate positioning, 
web, wall plate, top and bottom plate, stiffening plate, anchor plate, stiffening rib and drilling 
connection hole, in which the key point is to control the perpendicularity of main frame structure 
and embedded plate. 

     

Fig. 3 Diagram of Blocks of Steel Beam between Towers 
According to the characteristics of the steel beam, combined with the mature construction 

method of the hoisting operation of high tower and large components, the steel beam installation 
scheme of "large tonnage tower crane + section steel bracket + three-way Jack positioning system 
+ shape steel and steel wire rope soft hard combination anti overturning system" is proposed (see 
Figure 4). The installation process is designed as follows: embedding steel beam installation 
bracket, installing steel beam mounting bracket, large tonnage tower crane hoisting steel beam 
according to the sequence of side section, middle section and side section, using three-way 
positioning jack to adjust position, tightening splicing plate and high bolt between steel beam 
segments, installing steel beam high-strength anchor rod, casting tower column concrete for twice, 
and tensioning high-strength anchor rod. 
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Fig. 4 Wind Rope Pulling and Section Steel Support Locking 

 
Fig. 5 Installation of Middle Section of Steel Beam 

Effect of Engineering Application 
Taking the Chizhou Yangtze River Highway Bridge project as the research object, and focusing on 
the design and construction of the group aggregated anchorage system, a series of theoretical 
analyses, numerical simulations, model tests and process tests are performed. From theoretical 
analysis to experimental research and real bridge detection, and then to engineering practice, the 
technological achievements, including the design and construction key technology of the grouped 
aggregated anchorage system, have been continuously supplemented and improved. According to 
the scientific research and engineering practice, the grouped aggregated anchorage system has the 
characteristics: 

(1) The external anchorage of the stay cable tower would not occupy the internal space of the 
tower column, and the structural size of the main tower is optimized. 

(2) The vertical component of the cable force is transformed into the bending moment at the 
end of the beam, which is borne by the high-strength anchor rod, and would not act on the tower 
wall directly, so as to reduce the concrete tensile stress and avoid the concrete tower column 
cracking. 

(3) The construction of steel beam outside the tower could greatly improve the installation 
efficiency. According to calculations, compared with the independent anchorage system, the 
installation efficiency of single group of aggregated anchorage system could be increased by about 
50%. 

(4) Using small steel beam instead of concrete beam, there is no need to set up large support 
platform on site. Steel beams could be prefabricated in factory and assembled on site, which could 
improve accuracy, save materials, shorten construction period and reduce safety risk. 
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(5) After the installation of the first steel beam of the cable tower is completed, the cable tower 
has a stable structure, and the upper structure of the cable-stayed bridge could be normally 
promoted according to the construction steps of the tower and beam, and the synchronous 
construction of the tower and beam could be reached. Moreover, one steel beam could meet the 
hanging of multiple pairs of stay cables, which is easy to install and would greatly save the 
construction period. 

 
Fig. 6 Synchronous Construction Site of Tower and Beam  

Summary 
Based on the development trend of cable-stayed bridge construction and the demand of long-span 
construction, the group aggregated anchorage system could make full use of the material 
characteristics. Based on that, the structure is simple, the force transmission being clear, and the 
efficiency is high. This system could further improve the durability of the structure, as well as the 
span capacity and bearing capacity of the cable-stayed bridge. Stresses of three diaphragms and 
cable anchor box inside steel beam should be monitored in construction and operated stage. And 
the prestressed force of anchor rod need to be tested at regular intervals to ensure that steel beam 
can be connect tightly with concrete tower. 
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Abstract: Widening the existing expressway is an important way to solve the problems like road 
traffic congestion and level of service declining in the existing highway network. Besides, for the 
highway with large traffic volume and lack of detour roads, it is inevitable to open to traffic at the 
same time of construction. Taking a 20 m precast small box girder bridge widening project as the 
research object, the ABAQUS finite element entity model of the whole bridge and full-scale 
segment experiment is established, and the boundary conditions and loading force values of the 
segment model are determined by the similarity analysis. The numerical simulation calculation of 
the deflection difference between both sides of the joint and the joint reinforcement strain of the 
full-scale segment test model is performed, and results are compared with the experimental 
measured values, so as to verify the rationality of the finite element model. Moreover, this research 
further studies the shear transfer mechanism and bearing capacity of concrete joints with the finite 
element calculation, and the force-displacement curve of concrete joint loading in whole process is 
calculated. According to results, the early strength of concrete develops rapidly, while the 
deflection difference on both sides of the joint drops rapidly, and the deflection difference 
basically remains unchanged after 8 hours of casting. The shear transfer of joint concrete in the 
overall analysis model and section test model develops rapidly in the early stage, since then tends 
to be stable gradually. Results of the bearing capacity test describe that when the bottom 
reinforcement of the joint reaches the tensile strength and the deflection of the joint increases 
rapidly, the ultimate bearing capacity could be reached, and the most unfavorable part of the test 
joint could bear 17 times of 55t wheel load. It is demonstrated that the traffic control scheme of 
closing and widening the joint adjacent to the lane in the first three days could ensure the reliable 
casting performance of the concrete joint when the traffic is not interrupted. The research results 
would provide technical guidance for the design and construction of the same type of bridge.  
Introduction 
With the rapid development of economy, the existing road network could hardly support the rapid 
growth of traffic volume. In order to relieve such huge transportation pressure, the government not 
only constructs new freeways, but widens and reconstructs the existed freeways with large traffic 
volumes to increase the traffic capacity as well, such as Shanghai-Nanjing Freeway, 
Shanghai-Hangzhou-Ningbo Freeway and Shenyang-Dalian freeway[1]. As is known to all, the 
reconstruction project would inevitably have negative effects on normal operation of road sections 
to be widened. Therefore, it is of great social and economic benefits to explore the construction 
quality of bridge widening project under the condition of uninterrupted traffic, establish 
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reasonable traffic control schemes and verify the reliability of concrete joint casting under traffic 
load. 

For the construction technology of bridge widening, domestic and foreign scholars have carried 
out a lot of experimental and theoretical researches[2-6]. Under the traffic load, the deflection 
difference changes with time at the joint between new and old bridges, which is bound to affect the 
quality and strength of joint concrete casting in construction. According to the investigation of the 
completed bridge widening project, the interface between old and new concrete is likely to appear 
early cracks, leading to the weakening of lateral connection and the reduction of overall structural 
stiffness, which could affects the traffic safety and the beauty of the bridge deck seriously, and 
increase the maintenance and repair costs in the later stage. 

In this paper, the 1-meter segment of the precast small box girder is selected as the experimental 
object. The 5-axis 55t vehicle is applied and the most unfavorable loading is determined. Based on 
that, the whole process of construction maintenance loading is simulated. The deflection 
difference between the two sides of the joint and the strain of the reinforcement in the joint of the 
full-scale segment test model are simulated and compared with the experimental data, so as to 
verify the rationality of the finite element model. Moreover, through the finite element calculation, 
the shear transfer mechanism and bearing performance of concrete joint are studied in further, and 
the force-displacement curve of the whole process of concrete joint loading is calculated. 
Traffic Organization Scheme During Construction 
During the widening construction under traffic serving conditions, in order to ensure the quality of 
joint concrete casting and reduce the maximum deflection difference on both sides of wet joint, the 
most simple and effective way is to implement traffic control. The proposed traffic control in the 
reconstruction project in this paper is shown in Table 1, which is performed by closing the lane 
adjacent to the widening joint. 

Table 1 Traffic organization scheme 

No. With traffic control Without traffic control 
Description The lane adjacent to the closed and widened 

joint is used as the construction working 
surface together with the emergency lane, and 
the rest lanes are open to traffic and bear the 
standard lane load 

All two lanes of the old bridge are open to 
traffic and bear the standard lane load. The 
emergency lane of the old bridge is used as 
the construction working surface 

Diagram 

 

 

Traffic control is implemented in the first three days of the reconstruction project. The lane 
adjacent to the joint and the emergency lane are used as the construction working surface, and the 
rest lanes are open to traffic and bear the standard lane load. 
Mechanical Performance Analysis 
Project Overview 
The total length of an overpass is 8.7km, and most of the superstructure adopts prestressed 
concrete simply supported small box girder with standard span of 16m and 20m, with continuous 
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deck. Bridge widening design complies with the principle of "old bridge old standard, new bridge 
new standard", and the standard cross section of the new and old small box girder bridge is shown 
in Figure 1. 

 
Fig. 1 Standard cross section of small box girder bridges widening (unit: cm) 

The widening design scheme of precast small box girder bridge is described as below: 
(1) The Superstructures are connected, while the substructures are separated. The wing plate at 

the joint of new and old box girder adopts rigidity connection, and the lower structure cap beam is 
not connected. 

(2) The side of the new bridge is assembled by three 20m small box girders. The height of single 
small box girder is 1.2m, and the transverse center distance of adjacent small box girders is 2.8m. 

(3) The new and old box girders are only connected by flange plates without end diaphragms. 
(4) Cut off 50cm wing slab concrete of guardrail and side beam of old bridge, retain internal 

reinforcement, and reserve reinforcement for wing plate of new bridge edge beam. 
(5) The transverse center distance of the box girder on both sides of the joint is 2.735m, the 

width of wet joint being 75cm, and the thickness changes from 28cm on the new bridge side to 
20cm on the old bridge side. 

 
Establishment of Finite Element Model 
The overall model of the widening bridges is shown in Figure 2. The precast small box girder 
bridge is mainly composed of four parts: asphalt pavement, concrete pavement, prefabricated 
small box girder and rubber bearing. Binding constraints are applied between asphalt pavement 
and concrete pavement, concrete pavement and main beam, and between main beam and support, 
that is, the main and secondary surfaces are not separated in the analysis process. The diagram of 
full-scale segmental test model is shown in Figure 3. 

      
Fig. 2 Finite element model      Fig. 3 Diagram of full-scale segmental test model 

Determination of Boundary Conditions for Full Scale Segmental Test Model 
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Midas Civil software is used to build old bridge model. The regulations of axle load of 5-axle 
total with 55-ton weight should be referred to the general design specification for highway bridges 
and culverts in 1989[7], together with the longitudinal and horizontal arrangement of vehicle fleet. 
Based on that, the most disadvantageous loading position of vehicle load with or without traffic 
control scheme could be determined by the unique moving load tracker function. The load 
distributions under and without traffic control are shown in Figure 4 and Figure 5. 

 
Fig. 4 Load distribution under two traffic control schemes 

Considering the most unfavorable loading case, the deflections of the mid-span on the widened 
side of the old bridge under traffic control schemes and without control are 1.822mm, 4.893mm 
respectively. 

In the full-scale segment model test, the loading force of the old bridge box girder is used as the 
control indicator to carry out cyclic loading. The joint concrete is loaded in two working 
conditions for five days. For the first working condition, the joint concrete is loaded for three days 
under traffic control, and for the second condition, the joint concrete is loaded for two days without 
traffic control. 

According to the results of finite element calculation, the peak value of load force in the first 
working condition is 10kN, and the corresponding deflection value of the old bridge box girder 
under independent state is 2mm. Then the rain flow method is used to collect the loading period 
and time of the real bridge. The loading period is defined as 12s, and the loading time of each cycle 
is 2s. The loading mode is shown in Figure 5. 

After the traffic control is terminated, the bridge is loaded in different levels. The level and 
frequency of loading force in the second working condition are: loading 26kN for 6 times/h, 20kN 
for 24 times/h, 15kN for 46 times/h, 10kN for 78 times/h, and 5kN for 146 times/h. According to 
the sampling frequency of the real bridge in field, the loading period is 12s, and the loading time of 
each cycle is 2s. The diagram of loading mode is shown in Figure 6.  
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Fig. 5 Loading mode under traffic control Fig. 6 Loading mode after releasing traffic control 
The new bridge part of the test component is pre-pressed with I-beam, and then connected with 

the pedestal by screw. Spring supports are installed at the bottom of some beams on old bridges. 
The electro-hydraulic servo loading system generates the loading force and allows the vertical 
displacement of the box girder, so as to simulate the dynamic deflection of real bridge. The layout 
of the overall model is depicted in Figure 7. 

After repeated calculation, the results show that the shear force and bending moment of the 
whole and segment models are equivalent well with the development age of joint concrete, when 
the spring stiffness of bearing K = 1.373 × 106(𝑁𝑁 𝑚𝑚⁄ ). Based on the spring stiffness, the loading 
forces before and after traffic control is 10kN and 26kN respectively. 

 
Fig. 7 Overall layout of full scale segmental model 

Numerical simulation and experimental curve of displacement on both sides of joint are 
depicted in Figure 8. According to the development model of concrete elastic modulus, the 
displacement of joint on old bridge side decreases rapidly, reaches 0.53mm after 8 hours and 
gradually tends to be stable. On the contrary, the displacement of joint on new bridge side 
increases rapidly in the first 4 hours, then slowly increases to 0.27mm and remains unchanged. The 
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displacement of the new bridge side changes abruptly from 0.33mm to 0.25mm while the 
construction framework is removed after 40 hours, and then the displacement increases slightly, 
and finally tends to be stable. In the first 22 hours, the obvious change of the displacement is 
attributed to the slow development of the actual elastic modulus of concrete and the influence of 
dynamic deflection. 

 
Fig. 8 Displacement curve on both sides of joint 

The comparison between measured and calculated deflection difference curves on both sides of 
joint is displayed in Figure 9.  

 
Fig. 9 Comparison of deflection on both sides of joint 

The top reinforcement of the joint is in tension and the bottom reinforcement is under 
compression. It could be observed from Figure 10 that the calculated strain of reinforcement at the 
top and bottom of the joint is quite consistent with the measured value in the early stage. After the 
concrete age for 1-day, the measured value is smaller than the calculated value. 

 
Fig. 10 Strain of reinforcement of the joint 
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Research on Shear Transfer Mechanism and Ultimate Bearing Capacity of Concrete Joint 
in Segmental Model 
Research on Shear Transfer Mechanism 
Elastic modulus of concrete (Eq.1) was determined according to the regulation CEB-FIP MC90 as 
below: 

𝐸𝐸𝑐𝑐(𝑡𝑡) = 𝐸𝐸𝑐𝑐 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒(0.5𝑠𝑠[1 − (28 𝑡𝑡⁄ )0.5])                                     (1) 

Where: 𝐸𝐸𝑐𝑐——Elastic modulus of concrete at 28 days of age 
       𝑠𝑠——Coefficient of cement type. This value is 0.2 for fast setting high strength cement, 0.25 

for wing plate cement, and 0.38 for retarded cement. 
       𝑡𝑡——Days after concrete casting. 
In ABAQUS finite element model, the elastic modulus value of joint concrete is given with the 

development of age, and the growth trend of shear force of joint concrete of whole and segment 
test models with curing age is calculated and analyzed. The shear transfer value of concrete joint at 
1m section at the mid-span is taken for the overall model, which could accurately reflect the stress 
state of the whole structure. It can be seen from Figure 11 that the shear transfer rate of the whole 
and segment model joints is very fast in the early stage, and then gradually tends to be stable. 

 
Fig. 11 Shear transfer curve of overall and segment models 

Research on Ultimate Bearing Capacity 
The plastic damage model of concrete is used to calculate the ultimate bearing capacity level of the 
full-scale segment test model. The peak point of the force-displacement curve is taken as the 
failure point of the component, and all the joint reinforcement reaches the yield strength. The 
loading actuator is deployed at the chamfering of the box girder side of the old bridge on the top of 
the joint, which is the weakest position of the structure. 

As illustrated in Figure 12, the yield stress and inelastic strain curve of C50 concrete in 
compression stage, as well as the yield stress and cracking strain curve in tension stage, are derived 
respectively, which is the failure criteria of concrete constitutive relation. 

       
Fig. 12 Failure criterion of concrete 
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Failure model adopts the displacement convergence standard, and the increment step size is set 
to 0.001. Then the damage factors of compression and tension are calculated, which are denoted as 
𝑑𝑑𝑐𝑐 (Eq.2) and 𝑑𝑑𝑡𝑡 (Eq.3) respectively: 

𝑑𝑑𝑐𝑐 = 1 − 𝜎𝜎𝑐𝑐𝐸𝐸0−1

𝜀𝜀𝑐𝑐
𝑝𝑝𝑝𝑝(1 𝑏𝑏𝑐𝑐−1⁄ )+𝜎𝜎𝑐𝑐𝐸𝐸0−1

                                                 (2) 

Where: 𝑏𝑏𝑐𝑐 = 𝜀𝜀𝑐𝑐
𝑝𝑝𝑝𝑝 𝜀𝜀𝑐𝑐𝑖𝑖𝑖𝑖� . 

𝑑𝑑𝑡𝑡 = 1 − 𝜎𝜎𝑡𝑡𝐸𝐸0−1

𝜀𝜀𝑡𝑡
𝑝𝑝𝑝𝑝(1 𝑏𝑏𝑡𝑡−1⁄ )+𝜎𝜎𝑡𝑡𝐸𝐸0−1

                                                 (3) 

Where: 𝑏𝑏𝑡𝑡 = 𝜀𝜀𝑡𝑡
𝑝𝑝𝑝𝑝 𝜀𝜀𝑡𝑡𝑐𝑐𝑐𝑐� . 

The monotonic load displacement curve of solid model simulation test component is shown in 
Figure 13. When the loading force increases from zero to 790kN, the slope of the curve remains 
unchanged, and the stress of concrete is basically in the elastic stage. Meanwhile, the tensile strain 
at the bottom of the joint concrete could reach the cracking value, a small number of microcracks 
appearing, and the tensile stress at the bottom of the joint is mainly borne by the reinforcement. 
When approaching the yield point, a small amount of plastic deformation could occur. Besides, the 
deflection curve is slightly concave, in the meantime, the cracks would continue to extend and 
develop. When the loading capacity increases to 1190kN, the reinforcement at the bottom of the 
joint would reach the maximum strength, the concrete cracks would develop rapidly, and the 
bearing capacity of the structure would decrease rapidly. 

Referring to the standard load of 55T heavy vehicle, the load of rear axle is 140kN, and the 
weight of one side wheel is 70kN. Therefore, the most unfavorable position of joint is fully able to 
bear 17 times of 55T heavy vehicle wheel load, i.e., the widening measures are reliable. 

 
Fig. 13 Load-displacement curve of full scale segment model 

Summary 
In this paper, through the full-scale segment test model, the deflection difference on both sides of 
the joint and the strain of the joint reinforcement are simulated and compared with the 
experimental data, which verifies the reliability of the three-dimensional solid finite element 
model, and could accurately calculate the joint shear transfer value and monotone loading curve. 
Through the above research and analysis, it could be summarized that: 
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(1) The early strength of concrete develops rapidly, and the deflection difference decreases 
rapidly. The maximum decrease of deflection difference is 27% one day before casting, and 
remains unchanged after casting. 

(2) Based on the calculation and analysis of the development of the shear force of the joint 
concrete of the whole and section test models with the curing time, it is concluded that the shear 
transfer of the joint concrete develops rapidly in the early stage, and then gradually tends to be 
stable, and the segment model could accurately reflect the stress state of the whole structure. 

(3) The load-displacement curve of the full-scale segment test model is obtained. The most 
unfavorable position of the joint is fully able to bear 17 times of 55T heavy vehicle wheel load, and 
the measures are reliable. 

(4) The deflection difference is an important index to reflect the performance of widening 
bridge. The mid-span deflection difference should be monitored during the construction and 
operation stage. The maximum stress of the joint concrete appears near the beam end support, so 
monitoring points should be considered. 
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Abstract. Speed reduction markings (SRMs), which are widely used on highways and urban roads 
in China, are designed to inform drivers of the upcoming road conditions and thus encourage them 
to reduce travel speed. The objective of this paper is to test the effectiveness of SRMs on drivers’ 
operating performance and decision to decelerate in downhill segments on urban roads. Data of 
gas and brake pedal use was collected in a driving simulator experiment, and a subjective 
questionnaire survey was conducted. Two indicators—the operating frequency and operating 
power—were proposed to evaluate drivers’ operating performance due to SRMs. Results of the 
subjective questionnaire study showed that the majority of subjects were affected by SRMs while 
driving through downhill segments with distinct roadway grades (3%, 2%, 1.5% and 1% in 
experimental scenarios). In terms of the operating frequency, the results of the analysis of variance 
with repeated measures (rANOVA) and the contrast analysis (S-N-K method) showed that 
transverse speed reduction markings (TSRMs) were significantly effective in influencing drivers’ 
frequency of letting off the gas pedal when roadway grades of downhill segments were 3%, 2%, 
and 1.5% (p<0.05), while longitudinal speed reduction markings (LSRMs) had little effects; both 
types of SRMs are effective in increasing the frequency of pressing the brake pedal in all four 
downhill segments. For the operating power, the gas pedal power was significantly affected by 
TSRMs in all four roadway scenarios; TSRMs also tended to increase the brake pedal power when 
the roadway grades were 2% and 1.5%, while both types of SRMs had similar effects in road 
sections with roadway grades of 3%. 
Background 
According to (1), as one of the main contributing factors of traffic crashes, speeding alone 
accounted for 11.7 percent of all traffic fatalities in 2012 in China. To better deal with this issue, 
speed control devices are usually deployed at sites where speeding-related traffic crashes are more 
likely to happen. Particularly, speed reduction markings (SRMs) are widely used on highways and 
urban roads in China, because they are not only capable of alerting drivers to decelerate, but 
bringing fewer negative effects on drivers and vehicles as well. SRMs are classified into 

mailto:zhaoxiaohua@bjut.edu.cn
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longitudinal speed reduction markings (LSRMs) and transverse speed reduction markings 
(TSRMs), and normally placed within or prior to curves, downhill segments, or other road features 
where drivers need to control their speed (2,6). Meanwhile, the 2009 U.S. Manual on Uniform 
Traffic Control Devices (the 2009 MUTCD) also offers detailed illustrations for installation and 
design principles of SRMs (3,6). Since the design and application of SRMs are unique in 
China, it is necessary to evaluate the effectiveness of these SRMs in the China National 
Standard of Traffic Control Devices. 

In contrast to the extensive use, it is still unclear whether SRMs could reduce or affect vehicle 
speeds and to what extent SRMs reduce vehicle speeds. Numerous research studies have been 
conducted to evaluate the effectiveness of SRMs or the similar pavement lines. For example, Gates 
et al. (4) researched the effectiveness of transverse bar pavement markings on freeway curves; 
Katz (5) and Ding et al. (6) evaluated the effects of SRMs by driving simulator experiments. In 
those research studies, the speed index was selected to observe the effectiveness of SRMs. In 
actual, the vehicle speed was the most common indicator, which was used to measure the 
deceleration capability of SRMs in other relevant research (7, 8). 

However, SRMs belong to nonintrusive speed control devices and are not enforceable in China, 
which sometimes leads no change in vehicle speeds when drivers are travelling through SRMs. In 
fact, according to the national standard (2), the main purpose of SRMs is to alert drivers to 
decelerate. If a driver perceives the existence of SRMs and decides to slow down, one could say 
that SRMs are effective, regardless of the magnitude of speed change. From this perspective, some 
researchers turned to probe into the operating principle, and discovered that SRMs would generate 
some warning or perceptual effects together with speed changes. For example, Kaber et al. (9) 
pointed out that a driver’s conscious control is associated with the driver’s reactions to 
roadway conditions. Zheng (10) stated that SRMs could cause some effects on drivers’ 
perception, as if they were driving faster or the lane became narrower. Those influences on 
drivers’ perception would make them decelerate. 

Furthermore, based on the perception-judgment-manipulation mechanism (11), drivers’ 
operating performance is highly associated with perception and judgment. If SRMs make 
drivers decide to decelerate, drivers will execute related maneuvers. Among all kinds of 
operating performances, letting off the gas pedal and/or pressing the brake pedal can directly 
reduce vehicle speed. Consequently, researchers can validate the effectiveness of SRMs on 
drivers’ consciousness and judgment of decelerating by measuring drivers’ gas and brake pedal 
performances. For instance, Ding et al. (12) chose the decelerating operating frequency as one 
of the indicators to evaluate the effectiveness of SRMs. Other researchers have also discussed 
the indicators of driving operating. For example, Mulder et al. (13) illustrated drivers’ 
neuromuscular measurements of gas pedal positions and manner by how much force drivers 
applied to the pedal when driving in the simulator. Rakauskas et al. (14) also used the gas pedal 
position to measure the effects of cell phone conversations on driving performance. 

Existing research has usually been performed through field studies, so that data which reflect 
vehicle operation status (including speed, acceleration, etc.) could be acquired. Besides, 
considering the characteristics of nonintrusive speed control devices, the objective of this paper 
is to test the effectiveness of SRMs on drivers’ operating performance and decision to decelerate. 
Compared to field tests, a simulation study can additionally record drivers’ operating 
performance data, such as accelerating, decelerating, steering, and gear shifting. Field tests 
could make sure the reliability of speed and operating performance data, however, it is difficult 
to evaluate the changes in speed or performance due to presence of SRMs because vehicle’s 
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operating and driver’s performance are actually affected by numerous factors, such as presence 
of SRMs, road alignments, traffic volume and density. The driving simulator study could help 
us isolate other confounding factors, and observe the effect of SRMs alone on vehicle status or 
driver’s performance.  Therefore, a driving simulator experiment was conducted. Particularly, it 
has to be pointed out that this paper shared the same experiment with (6); nevertheless, this paper 
used driver’s operating data, i.e., accelerator and brake pedals, while the data set of speed and 
acceleration was analyzed in (6), corresponding to the different research objectives. 
Method 
Subjects 
In this study, female subjects account for a small number of the total participants, based on the 
demographic characteristics of licensed drivers in China (15). Twenty-seven male and three 
female subjects, ages 18 to 42, with an average age of 24.8 years and an average driving 
experience of 3.3 years, were recruited by advertisement. Specifically speaking, percentages of 
participants in different age groups (18-25, 25-30 and >30) were 45%, 45% and 10%, respectively. 
To capture subjects’ actual reactions to the presence of SRMs, participants were not informed of 
the purpose of the study. 
 
Apparatus 
Technical parameters of a fixed-base driving simulator used in this experiment have been 
introduced (6,12); the real-time data were collected, including operating performance data (e.g., 
accelerating, decelerating and steering). The values of gas and brake pedal range from 0 to 1, 
denoting the press intensity of these two pedals. For instance, “0” denotes that drivers are not 
pressing, while “1” represents that drivers are fully pressing. The data acquisition frequency is 
30Hz, and the virtual scenario was projected onto three large screens, providing a 130° field of 
view. Moreover, the driving simulator can also generate various sensory effects to participants, 
such as visual, auditoria and tactile effects. 
 
Scenarios 
As mentioned in the national standard, SRMs should be placed on or prior to downhill segments. 
According to the Chinese industrial standard Code for Design of Urban Road Engineering 
(CJJ37-2012) (16), roadway grades of downhill segments in urban Beijing range from 1% to 3%, 
due to geographic and climatic conditions, and road designers typically choose roadway grades 
from 1.5% to 2%. Therefore, this study designed a total of 12 experimental segments [i.e., 3 (No 
SRMs vs. LSRMs vs. TSRMs) ×4 (roadway grades of 3% vs. 2% vs. 1.5% vs. 1%)], and four 
virtual scenarios were created, as mentioned in (6). Each scenario featured an eight-lane, divided 
urban expressway, with four one-kilometer tangents and three downhill segments; in all scenarios, 
the downhill segments were equipped with no SRMs, LSRMs or TSRMs, respectively (see Fig. 1 
(a) and (b)). Additionally, roadway grades of three downhill segments in one scenario were the 
same. Scenarios 1 to 4 were named as 3-PCT (abbreviation for percentage) scenario, 2-PCT 
scenario, 1.5-PCT scenario and 1-PCT scenario, representing different roadway grades. Detailed 
designs of two types of SRMs are shown in Fig. 1 (c)-(e), and alignment parameters of virtual 
scenarios are listed in Table 1. Besides, the vibratory feeling produced by TSRMs could be 
simulated by the dynamic module in this driving simulator, and subjects would experience such 
vibratory feelings while traveling through TSRMs. 
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(a) Profile graph of scenarios 

 
(b) Downhill sections with No SRMs, LSRMs and TSRMs 

 
(c) Detailed designs of TSRMs (in cm.) 

                    
(d) Transition taper of LSRMs (in cm.)      (e) Detailed designs of LSRMs (in cm.) 

 
Fig.1 Scenario design 

One-kilometer Tangent One-kilometer Tangent One-kilometer Tangent One-kilometer 
 

TSRMs LSRMs       No SRMs 
      (Downgrade sections) 
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Table 1 Alignment parameters of virtual scenarios 
Scenario 

No. 
Roadway 

grades (%) 
Length of downhill 

sections (m) 
Elevation of downhill 

sections (m) 
Length of entire 

scenario (m) 
Lane 

widths (m) 
1 3 942.15 15 9652.90 

3.75 
2 2 704.68 7 8228.08 
3 1.5 659.42 5.3 7956.52 
4 1 554.74 4.8 7328.44 

 
Procedures  
Since this paper shared the same experiment method with (6), the procedures have been fully 
introduced. Subjects were first required to fill out a questionnaire, which recorded their basic 
information, as well as their physiological and psychological conditions. Then they were required 
to perform a practice drive for 5-10 minutes on a specific alignment to become familiar with the 
driving simulator. 

After the practice drive, subjects participated in the first driving experiment, in which the 
operating performance data were collected. During the first experiment, each subject drove from 
scenario 1 (3-PCT scenario) to scenario 4 (1-PCT scenario) in sequence. Each scenario was driven 
once, and the entire driving experiment lasted approximately 30 to 40 minutes. 

The second driving experiment took place 10 minutes after the first one, so as to avoid fatigue. 
The main objective of the second experiment was to obtain subjective evaluations of SRMs in 
downhill segments. Therefore, a subjective questionnaire was designed to ask subjects whether 
SRMs prompted them to reduce speeds. During the second driving, one operator would sit in the 
driving simulator. The operator would read questions to subjects and complete the questionnaire 
when each subject left the road sections equipped with SRMs and entered into following tangents 
in one scenario, so as to acquire the fresh feeling of subjects about SRMs. It was pre-validated that 
the tangent was long enough for subjects to recall and answer questions, and subjects could 
continue their normal driving in following downhill segments. Each scenario would also be driven 
for once, and the whole driving also lasted for 30 to 40 minute. When the second experiment was 
finished, subjects left the driving simulator and filled out a questionnaire to report their subjective 
evaluations of the driving simulator, together with the physiological and psychological status at 
post-test. 
Analysis and Results 
Subjective questionnaires 
In this experiment, one questionnaire required subjects to evaluate the performance of the driving 
simulator subjectively. The evaluation items included the brake, accelerator, scenarios, and SRMs, 
among other items. The ratings ranged from 0 (“not at all similar to the real world”) to 10 
(“extremely similar to the real world”).  The results are shown in Table 2. 

Table 2 Ratings of subjective evaluation of driving simulator                                 
 Overall Steering Accelerator Brake Clutch Gear Scenario SRMs 

Mean 7.8 8.0 7.7 7.2 8.3 8.3 8.0 8.7 

 
The other questionnaire (which was also stated in (6)) was administered to get participants’ 

subjective views of the effectiveness of SRMs, and results are shown in Fig. 2. For example, in the 
downhill segment with a roadway grade of 3%, 83.3% of subjects were reported to reduce speeds 
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due to the presence of LSRMs, and 86.7% of subjects were influenced by TSRMs. The following 
was observed: 

1) The majority of subjects decelerated for both types of SRMs in all four scenarios. 
2) TSRMs in segments with a grade of 3% were associated with the highest percentage of 

subjects slowing down, and the percentages of subjects slowing down on a downhill 
segment with other grades (i.e., 1%, 1.5% and 2%) were similar but slightly lower. 

3) The effects of LSRMs in all four scenarios were lower than the effects of TSRMs. 
4) The percentage of subjects slowing down on a downhill segment with LSRMs 

apparently decreased as the roadway grades decreased. 

 
Fig. 2 Percentage of subjects slowing down due to the presence of SRMs 

Operating frequency 
In this paper, effects of SRMs on drivers’ operating performance and driving decisions will be 
discussed. Among all operating performances, letting off the gas pedal and pressing the brake 
pedal are two separate actions that can directly control vehicle speeds. Therefore, the operating 
frequency, measuring how frequently a driver lets off the gas pedal or presses the brake pedal, is 
analyzed to reflect the change in drivers’ decisions. 
 
Frequency of letting off the gas pedal 
The results of average frequencies of letting off the gas pedal with respect to different types of 
SRMs and roadway grades are presented in Fig. 3. It indicates that in the 3-PCT, 2-PCT and 
1.5-PCT scenarios, drivers release the gas pedal noticeably less often in road sections paved with 
TSRMs than sections with No SRMs and LSRMs. In 1-PCT scenario, drivers let off the gas pedal 
less in road sections with SRMs than those with No SRMs; however, there is no difference 
between these two types of SRMs. In terms of roadway grades, the average frequency of releasing 
the gas pedal in the 3-PCT scenario is apparently higher than the ones in the other three scenarios. 

 
Fig. 3 Average frequencies of letting off the gas pedal 
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The analysis of variance with repeated measures (rANOVA) was conducted to compare the 
impacts of SRMs and roadway grades on average frequencies of letting of the gas pedal.  The 
results revealed significant differences in the indicators among three types of SRMs (No SRMs, 
LSRMs and TSRMs) (F(2,58) =26.508; P<0.001) and four roadway grades (3%, 2%, 1.5% and 
1%) (F(3,87) =11.160; P<0.001). 

The ANOVA was further used to identify the differences in the indicators between distinct 
types of SRMs and roadway grades. In the 3-PCT (F(2,58) =4.032, P=0.023), 2-PCT (F(2,58) 

=7.212, P=0.002) and 1.5-PCT (F(2,58) =12.293, P<0.001) scenarios, results of the ANOVA 
showed significant main effects of the type of SRMs on the average frequencies. For all three 
scenarios, a contrast analysis (S-N-K method) revealed that the average frequencies in the 
vertical curve with TSRMs were significantly lower than that without SRMs and LSRMs 
(P<0.05 in all contrasts). The test results suggested that TSRMs had statistically significant 
effects on the frequency of letting off the gas pedal in downhill segments whose roadway grades 
were 3%, 2% and 1.5%. 

In the 1-PCT scenario, however, results of ANOVA reflected that there was no significant 
main effect of the type of SRMs on the average frequencies (F(2,58) =2.932; P=0.061). The test 
results implied that neither LSRMs nor TSRMs had statistically significant effects on letting off 
the gas pedal in downhill segments whose roadway grades were 1%. 

For LSRMs (F(3,87) =5.752, P=0.001) and TSRMs (F(3,87) =5.868, P=0.001), analytical results 
showed significant main effects of roadway grades on the average frequencies. The contrast 
analysis determined that the average frequencies in the 3-PCT scenario with SRMs are 
significantly higher than the indicators in the other three scenarios, which inferred that SRMs 
could induce subjects to let off the gas pedal more in downhill segments with roadway grades of 
3%, when compared with the other three roadway grades. 
 
Frequency of pressing the brake pedal 
For all drivers, the average frequencies of pressing the brake pedal with respect to different types 
of SRMs and roadway grades are presented in Fig. 4. There is a clear increasing tendency for this 
indicator in 3-PCT, 2-PCT and 1.5-PCT scenarios, and drivers press the brake pedal the most in 
road segments with TSRMs. In the 1-PCT scenario, drivers will press the brake pedal more in road 
sections with SRMs than without SRMs; however, there is no considerable difference between 
these two kinds of SRMs. 

 
Fig. 4 Average frequencies of pressing the brake pedal 
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particularly, the indicators for TSRMs in the 1.5-PCT and 2-PCT scenarios are higher than the one 
in the 1-PCT scenario, yet these frequencies are still lower than the frequency related to the 3-PCT 
scenario. 

The rANOVA was used to compare the impacts of SRMs and roadway grades on the average 
frequency of pressing the brake pedal. The results showed significant differences in the 
indicator associated with types of SRMs (F(2,58) =17.265; P<0.001) and roadway grades (F(3,27) 

=7.058; P=0.001). 
The ANOVA was used to evaluate the effectiveness of SRMs with different roadway grades, 

in terms of average frequencies of pressing the brake pedal. In the 3-PCT (F(2,58) =7.817, 
P=0.001), 2-PCT (F(2,58) =9.412, P<0.001), 1.5-PCT (F(2,58) =13.699, P<0.001) and 1-PCT 
(F(2,58) =4.537, P=0.015) scenarios, results indicated significant main effects of the type of 
SRMs on the average frequencies. The contrast analysis revealed that the average frequency 
associated with SRMs was significantly more than the one in the road section without SRMs in 
3-PCT, 2-PCT and 1-PCT scenarios, while the average frequency associated with TSRMs was 
significantly more than the ones in the road segment without SRMs and LSRMs in 1.5-PCT 
scenario (P<0.05 in all contrasts). The test results suggested that SRMs had statistically 
significant effects on pressing the brake pedal in downhill segments whose roadway grades 
were 3%, 2% and 1%, and only TSRMs had statistically significant effects on pressing the brake 
pedal in downhill segments whose roadway grades were 1.5%. 

In terms of roadway grades, results of the ANOVA showed significant main effects of 
roadway grades on the average frequencies of braking in road segments equipped with LSRMs 
(F(3,87) =7.094, P<0.001). The contrast analysis determined that the average frequencies of 
pressing the brake pedal in the 3-PCT scenario with LSRMs are significantly higher than that in 
the other three scenarios (P<0.05 in all contrasts). The test results inferred that LSRMs could 
make subjects press the brake pedal more in downhill segments with roadway grades of 3% than 
in the three other roadway grades. 

For road segments equipped with TSRMs, results of the ANOVA were similar to the results 
for LSRMs (F(3,87) =9.291, P<0.001). The four kinds of roadway grades were divided into three 
levels: 3%, 2% and 1.5%, and 1%, according to the contrast analysis (P<0.05 in all contrasts). 
Specifically, the average frequencies of pressing the brake pedal in the 3-PCT scenario were the 
highest, while the indicator in the 1-PCT scenario was the lowest. The test results indicate that 
TSRMs would affect drivers’ frequency of pressing the brake pedal in downhill segments with 
roadway grades of 3%, and such effects would become weaker for roadway grades of 2% and 
1.5%. 
 
Operating power 
As mentioned above, the conclusion was reached that two types of SRMs, either combined or used 
singly, could affect drivers’ operating frequencies in road segments with different roadway grades. 
Nevertheless, the operating frequency could only describe how many times drivers press gas pedal 
or brake pedal, and the intensity of pedal pressure and duration of pedal use can also reflect 
drivers’ operating performance, as shown in Fig. 5 (a) and (b). To evaluate the effects of SRMs on 
drivers’ operating performance more comprehensively, the operating power is introduced in this 
research, which includes the gas pedal power and brake pedal power. 

For each subject, the driving simulator records his/her intensity of pressing the gas and brake 
pedal, and the profile of press intensity can be plotted. For example, Fig. 5 shows press intensity 
profiles of the brake pedal of one subject in two scenarios. The operating power represents the area 
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surrounded by the x-axis, y-axis, and press intensity profile, which is defined simultaneously by 
press intensity and duration. As the area increases, a driver presses on the gas or brake pedal with 
more power. Through calculating the area, researchers could compare the effects of SRMs on 
drivers’ operating power. 

 
(a)                                (b) 

Fig. 5 Press intensity of the brake pedal of one subject in two scenarios 
Gas pedal power 
The results of the average power of pressing the gas pedal with respect to different types of SRMs 
and roadway grades are presented in Fig. 6. For all scenarios, SRMs lowered the gas pedal power, 
which implies that TSRMs have better effects on lowering gas pedal power than LSRMs. Besides, 
it seems that gas pedal power tends to decline when the roadway grade decreases. 

 
Fig. 6 Average gas pedal powers 

The rANOVA was used to compare the impacts of SRMs and roadway grades on gas pedal 
power. The analytical results showed significant differences in gas pedal power among types of 
SRMs (F(2,28) =18.409; P<0.001), while no effects for roadway grades (F(3,27) =2.613; P=0.072). 

For all scenarios, results of ANOVA showed significant main effects of the type of SRMs on 
gas pedal power (F(2,58) =10.095, P<0.001 for the 3-PCT scenario; F(2,58) =11.387, P<0.001 for 
the 2-PCT scenario; F(2,58) =14.454, P<0.001 for the 1.5-PCT scenario; F(2,58) =11.041, P<0.001 
for the 1-PCT scenario). The contrast analysis indicated that the gas pedal power in the downhill 
segments with TSRMs was significantly lower than that in the other two segments without 
SRMs and LSRMs (P<0.05 in all contrasts). The test results suggested that TSRMs had 
statistically significant effects on the drivers’ gas pedal operating in downhill segments whose 
roadway grades were 3%, 2%, 1.5% and 1%, while LSRMs did not have such significant 
effects. 
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Brake pedal power 
For all drivers, the results of the average power of pressing the brake pedal with respect to different 
types of SRMs in each scenario are presented in Fig. 7. For 3-PCT, 2-PCT and 1.5-PCT scenarios, 
SRMs could increase the brake pedal power; specifically, TSRMs might have better effects than 
LSRMs. Meanwhile, like the results of frequencies of pressing the brake pedal, drivers tend to 
apply more power in road segments with SRMs than without SRMs in the 1-PCT scenario. 

In terms of roadway grades, average brake pedal powers in the 3-PCT scenario are apparently 
more than that in the other three scenarios for both kinds of SRMs; furthermore, the indicators for 
TSRMs in the 1.5-PCT and 2-PCT scenarios are higher than the one in the 1-PCT scenario, yet 
these powers are still lower than the power related to the 3-PCT scenario. 

 
Fig. 7 Average brake pedal power 

The rANOVA was used to compare the impacts of SRMs and roadway grades on brake pedal 
power. The results showed significant differences in brake pedal power among types of 
downhill segments (F(2,28) =10.659; P<0.001) and roadway grades (F(3,87) =15.582; P<0.001). 

The ANOVA was used to evaluate the effectiveness of SRMs on brake pedal power in 
downhill segments with different roadway grades. In the 3-PCT scenario (F(2,58) =7.140, 
P=0.002), results showed significant main effects of the type of SRMs on brake pedal power. 
The contrast analysis revealed that the brake pedal power in the vertical curve with SRMs was 
significantly higher than brake pedal power in the other road segments without SRMs (P<0.05 
in all contrasts). The test results suggested that SRMs had statistically significant effects on the 
brake pedal power in downhill segments whose roadway grades were 3%. 

In the 2-PCT (F(2,58) =11.685, P<0.001) and 1.5-PCT (F(2,58) =4.230, P=0.019) scenarios, the 
contrast analysis stated that the brake pedal power in the vertical curve with TSRMs was 
significantly higher than the ones in the other two road segments without SRMs and LSRMs 
(P<0.05 in all contrasts). The test results stated that TSRMs had statistically significant effects 
on the brake pedal power in downhill segments whose roadway grades were 2% and 1.5%. 

In the 1-PCT scenario, however, results of the ANOVA reflected that there was no 
significant main effect of the type of SRMs on the brake pedal power (F(2,58) =2.785; P=0.070). 
The test results implied that neither LSRMs nor TSRMs had statistically significant effects on 
the brake pedal power in downhill segments whose roadway grades were 1%. 

In terms of different roadway grades, ANOVA and contrast analysis revealed the same 
results as average frequencies of pressing the brake pedal. On one hand, LSRMs (F(3,87) =7.094, 
P<0.001) could make subjects apply more power to the brake pedal in downhill segments with 
roadway grades of 3% than in the other three roadway grades (P<0.05 in all contrasts). On the 
other hand, TSRMs (F(3,87) =9.291, P<0.001) would affect drivers’ brake pedal power in 
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downhill segments with roadway grades of 3%, and such effects would become weaker related 
to roadway grades of 2% and 1.5% as well. 
Discussion 
This paper was to evaluate the effectiveness of SRMs on drivers’ operating performance and their 
decisions to decelerate in downhill segments with different roadway grades. The experiment was 
performed in a driving simulator. In previous works, Xu (17) validated the effectiveness of the 
Beijing University of Technology driving simulator, and testified that the driving 
simulator had relative effectiveness on physiological and psychological parameters. Ding 
et al. (6) had also validated the effectiveness of driving simulator on travel speed in 
downhill segments equipped with SRMs, compared to the speeds collected in the field. 
According to Ding et al. (6), the driving simulator had the relative effectiveness in terms of 
simulating travel speeds, and the speed variation trend in the downhill segments equipped 
with SRMs was highly similar to the trend in the real road environment. 

Two indicators—the operating frequency and operating power—are introduced to measure the 
effects of SRMs on drivers’ operating performance and decision to decelerate.  In detail, there is a 
subtle difference between these two indicators. On one hand, the operating frequency is a more 
intuitive indicator, which can reflect a driver’s consciousness and the decision to decelerate. On 
the other hand, the operating power is an indirect indicator, which takes intensity and duration into 
consideration, as well as frequency. Compared with the operating frequency, the operating power 
on the gas and brake pedals will influence vehicle operations, especially travel speeds. 

Considering driver’s actions, it is assumed that letting off the gas pedal implies that the 
driver is conscious of decelerating, while pressing the brake pedal infers that the driver decides 
to slow down. Referring to results of the operating power, it has been concluded that: 1) TSRMs 
could significantly decrease the gas pedal power in all kinds of downhill segments; 2) TSRMs 
could also significantly increase the brake pedal power in 1.5-PCT, 2-PCT and 3-PCT 
scenarios; and 3) LSRMs could only influence the brake pedal power in 3-PCT scenario. 
Therefore, it is probable that: 1) TSRMs will influence driver’s consciousness of decelerating in 
all scenarios; 2) TSRMs will also enhance driver’s decision to decelerate in all 1.5-PCT, 2-PCT 
and 3-PCT scenarios; and 3) LSRMs could only strengthen driver’s decision to slow down in 
3-PCT scenario. In terms of roadway grades, it appeared that driver’s consciousness of 
controlling speed would not be influenced by the roadway grade; however, driver’s decision to 
decelerate will become stronger when the roadway becomes steeper. 

It has been mentioned that SRMs have significant effects on the frequency of pressing the 
brake pedal in the 3-PCT, 2-PCT and 1-PCT scenarios, but only TSRMs have such effects in the 
1.5-PCT scenario. However, researchers have hypothesized that both types of SRMs will have 
effects in the 3-PCT, 2-PCT and 1.5-PCT scenarios, while they are ineffective in the 1-PCT 
scenario. This inconsistent phenomenon is the original motivation to determine the limitations of 
the operating frequency and to develop a more comprehensive indicator, representing the 
operating performances of the gas and brake pedals more precisely. Recognizing that the press 
intensity and duration can also be affected by SRMs, the concept operating power is finally 
introduced in this study. 

As illustrated above, it has been stated that only TSRMs could reduce the gas pedal power in all 
road scenarios. Besides, TSRMs can also make drivers apply more power on the brake pedal in 
downhill segments with roadway grades of 3%, 2% and 1.5%, while LSRMs can have such effects 
when the roadway grade is 3%. Therefore, like the results of the previous indicator, LSRMs will 
have no impacts on drivers’ gas pedal operating in all four scenarios, together with brake pedal 
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operating in road segments with roadway grades of 2%, 1.5% and 1%. Moreover, LSRMs can 
influence brake pedal operating only in the 3-PCT scenario. On the contrary, TSRMs could not 
only lower drivers’ gas pedal power in all four scenarios, but increase the brake pedal power when 
roadway grades are 3%, 2% and 1.5% as well. It is implied that TSRMs can make drivers execute 
fewer gas pedal operations and more brake pedal operations in reverse when roadway grades are 
3%, 2% and 1.5%; for roadway grades of 1%, TSRMs will simply encourage the driver to perform 
fewer gas pedal operations, and drivers’ attention will not be directed to the brake pedal operating. 
These assumptions could be tested in future research. 

Since the order of the SRMs conditions was the same (no SRM, LSRMs, and TSRMs) in all 
scenarios, this could lead to a learning effect. Therefore, especially in Fig. 2 (a), one-kilometer 
tangents, which connected downgrade sections related to different SRMs conditions, were 
designed to fade subjects’ memory or impression of the previous downgrade section, so as to 
eliminate or reduce the learning effect. In fact, the average and standard deviation of speeds at the 
beginning of downgrade sections of all subjects were listed in Table 3. It is apparent that scenario, 
the average and standard deviation of speeds at the beginning of downgrade sections with No 
SRMs, LSRMs and TSRMs are approximately the same in the same scenario, and it implies that 
the learning effect is controlled, and it would not substantially influence the results and 
conclusions. What’s more, the analysis of variance with repeated measures (rANOVA) is 
commonly used to validate the significant effects of treatments in repeated measures. Since the 
repeated measures were usually organized in the same time sequential order for all subjects, 
rANOVA was conducted to evaluate the effectiveness of SRMs on drivers’ performance. 
Table 3 The average and standard deviation of speeds at the beginning of downgrade sections with 

different SRMs conditions in all scenarios (in km/h) 

Roadway grades No SRMs LSRMs TSRMs 
Mean Std. Mean Std. Mean Std. 

3% 104.9 12.2 104.7 14.6 108.5 13.3 
2% 106.5 10.6 107.9 13.5 110.7 15.4 

1.50% 110.2 13.7 109.1 12.6 110.1 16.8 
1% 115.5 15.7 114.1 13.0 113.7 11.7 

 
The previous research (6) was repeatedly referenced in this paper, since the methodology 

was the same. However, the objectives and interest areas were totally different between these 
two studies. In (6), the impacts of SRMs on vehicle moving status were mainly considered, thus 
speed and acceleration data were used. Nevertheless, the variation of speed and acceleration 
was led by driver’s consciousness and decision to decelerate, presented as the gas pedal and 
brake pedal use, and the data and analysis in (6) was insufficient in mining the relationships 
between SRMs and driver’s operating characteristics. Therefore, the objective of this paper, 
which was to observe the effects of SRMs on driver’s consciousness and decision to decelerate, 
was confirmed immediately. Additionally, this paper could be viewed as a stretch or inheritance 
of (6). 

Although different data sets were used due to distinct objectives, there were still some 
similarities in the results of these two studies, and some relationships might be found in the 
indexes. For example, SRMs were effective when roadway grades were 3%, 2% and 1.5%, and 
TSRMs had better effects in 2-PCT and 1.5-PCT scenarios, according to (6). Similarly, TSRMs 
would affect driver’s brake pedal use when roadway grades were 3%, 2%, and 1.5%, while 
LSRMs would only have effects on brake pedal use in 3-PCT scenario. However, the 
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similarities between the speed index and driver’s gas pedal were not so obvious, compared to 
the brake pedal power. It was assumed that in this experiment condition, driver’s speed 
behavior was more identical with the brake pedal use, which was also in accordance with the 
assumptions stated before, that is, pressing the brake pedal infers that the driver decided to slow 
down; in addition, driver’s speed behavior was less uniform with the gas pedal use, since letting 
off the gas pedal implied that the driver was conscious of decelerating, which might have 
weaker effects on speed reduction. 
Conclusions and Recommendations 
This paper evaluated the effectiveness of SRMs on drivers’ operating performance and decisions 
to decelerate in downhill segments with different roadway grades. By analyzing the data collected 
in a driving simulator, this research has reached the following conclusions: 
 According to the questionnaires, the majority of subjects were encouraged to reduce 

speeds while driving through downhill segments with LSRMs and TSRMs in all four 
scenarios. Moreover, TSRMs were more effective than LSRMs in leading subjects to 
decelerate in all scenarios. 

 It is seemed that operating power is an appropriate and comprehensive indicator, which 
could measure drivers’ control performances, since it reflects press frequency, intensity 
and duration at the same time. 

 TSRMs are significantly effective in influencing drivers to let off the gas pedal when 
roadway grades of downhill segments were 3%, 2%, 1.5% and 1%, while LSRMs have no 
effects. The frequency of pressing the brake pedal was significantly affected by both 
types of SRMs when the roadway grades of downhill segments were 3%, 2% and 1%, and 
by TSRMs in road sections with a roadway grade of 1.5%. 

 TSRMs can significantly influence drivers’ gas pedal operations in all road scenarios, and 
the brake pedal power when roadway grades are 3%, 2% and 1.5%. LSRMs do not affect 
drivers’ gas pedal operations, and are effective on brake pedal operating only in downhill 
segments with a roadway grade of 3%. 

In summary, this paper discussed the effectiveness of LSRMs and TSRMs on driver’s 
operating performance in downhill segments of urban roads with different roadway grades, based 
on a driving simulator experiment. In future research, in order to develop guidelines about optimal 
placement of SRMs the relationship between SRMs and driver’s operating performance needs to 
be evaluated in other road conditions. 
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Abstract. Micro-damages such as pores, closed delamination/debonding and fiber/matrix cracks 
in carbon fiber reinforced plastics (CFRP) are vital factors towards the performance of composite 
structures, which could collapse if defects are not detected in advance. Nonlinear ultrasonic 
technologies, especially ones involving guided waves, have drawn increasing attention for their 
better sensitivity to early damages than linear acoustic ones. The combination of nonlinear 
acoustics and guided waves technique can promisingly provide considerable accuracy and 
efficiency for damage assessment and materials characterization. Herein, numerical simulations in 
terms of finite element method are conducted to investigate the feasibility of micro-damage 
detection in multi-layered CFRP plates using the second harmonic generation (SHG) of 
asymmetric Lamb guided wave mode. Contact acoustic nonlinearity (CAN) is introduced into the 
constitutive model of micro-damages in composites, which leads to the distinct SHG compared 
with material nonlinearity. The results suggest that the generated second order harmonics due to 
CAN could be received and adopted for early damage evaluation without matching the phase of 
the primary waves. 
Introduction 
Composite materials are gaining increasing interest from researchers for their excellent 
performances which are superior to metals in aerospace engineering and many other fields. Carbon 
fiber reinforced plastics (CFRP), as an important type of composites, can provide high-strength, 
high-durability against corrosion and many other great mechanical properties [1-3]. However, due 
to its distinct material composition, microstructures and manufacturing process, micro-damages 
such as micropores, closed delamination/debonding and fiber/matrix crack could occur when 
subjected to thermal, chemical and mechanical loads [4]. As invisible as those defects could be, 
long term accumulation of micro damages can lead to sudden structural disaster. Therefore, it is of 
vital importance to develop advanced non-destructive technologies to detect and evaluate the early 
damage state of CFRP materials. 

Among conventional non-destructive testing techniques, ultrasonic testing methods have been 
favored over thermal infrared and radiographic ones due to their cost-effective features [5]. 
Nevertheless, linear acoustic characteristics, such as the appearance of pulse echoes, attenuation 
and variation of wave velocity, could be too subtle to be applied for early damage assessment. The 
micro-damages in CFRP plates usually have little influence on the propagation of ultrasonic 
primary waves. For this problem, promising solutions have been proposed including nonlinear 
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ultrasonic techniques, which often involves the second harmonic generation (SHG) resulted from 
the interaction of material nonlinearity with primary waves [6]. 

On the other hand, nonlinear guided wave techniques have recently been widely investigated, 
since point-wise detection with bulk wave transducers can be inefficient, and could not cope with 
relatively thin plate in which pulse cycles are not sufficient for nonlinearity analysis [7-8]. The 
combination of ultrasonic nonlinear response with guided waves in micro-damaged material, can 
potentially enhance the sensitivity and efficiency of the evaluation process. However, one of the 
main concerns whilst dealing with such applications is the dispersion nature of guided waves. It 
has been reported that synchronism and non-zero power flux conditions are required for SHG with 
cumulative effect using a single excitation of primary guided waves [9]. 

In recent years, the contact acoustic nonlinearity (CAN) caused by local closed defects such as 
delamination and crack are drawing attentions from researchers [10-11].This paper mainly aims at 
exploring the application potential of nonlinear ultrasonic guided waves to assess early damages in 
CFRP laminated plates. Numerical studies on the CAN caused by randomly distributed 
micro-defects are conducted. The received ultrasonic response are analyzed in terms of time and 
frequency domains adopting the primary guided waves of asymmetric Lamb mode. Discussions 
upon the received nonlinear ultrasonic responses caused by single and multiple micro-damage 
interfaces are as well provided. 
Numerical investigations 
Material, geometry and physics. The composite material adopted in this study are composed of 
T300/M914 carbon fiber reinforced plastics, of which the thickness is 2 mm. The laminated plates 
0are layered as [0/90/0/90]s order. To assure sufficient calculation efficiency and accuracy, the 
geometry size of the finite element model is 140 mm×10 mm×2 mm, as shown in Fig. 1. The left 
end face of the model is prescribed with Hanning-windowed displacement excitation up to 100 nm. 
The front, back and right face are set with low reflection boundary condition, which can 
significantly absorb waves approaching there, and in the meantime enhance the signal-to-noise 
ratio of primary and harmonic waves.   

 
Fig. 1. Illustration of the model geometry and physical setups. 

 
Miro-damage area settings. A number of circular nonlinear interfaces are randomly 

distributed in the designed damage area, of which the size is 10 mm×10 mm and the location is 
the center of the model in both x and z direction. It should be noted that the damage area is a 3D 
space in the extended simulation as presented in Fig. 2(b). Those interfaces (shown in Fig. 2(a)), of 
which radii range from 2 mm to 10 mm, are built and set to be able to decouple the displacements 
of their two sides with a bilinear stress-strain relation [12]. As a result, they act as local sources of 
acoustic nonlinearity corresponding to damages such as closed delamination, and can result in 
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ultrasonic nonlinear response, which are to be picked up by domain probes deployed in the upper 
surface of the model.  

 

 
 

Fig. 2. Demonstration of the nonlinear mechanical interfaces randomly distributed in the damage 
area, (a) top view, (b) 3D view. 

 
Guided wave modes. To obtain suitable guided wave modes for signal excitation and 

receiving, the dispersion curves of such material are plotted as  Fig. 3. The frequency of the 
primary A0 mode guided waves to be excited is chosen as 0.2 MHz. Consequently, possible 
generated second order harmonics through interaction of micro-damages with the primary waves 
are supposed to be at the frequency of 0.4 MHz. As one can see from Fig. 1(a), the phase velocity 
of primary waves differ from the potential second harmonics. Therefore, the received ultrasonic 
nonlinear response can include mainly contact acoustic nonlinearity rather than material 
nonlinearity, referencing [13]. However, according to Fig. 1(b), the potential A0 mode second 
harmonics share the same group velocity of the primary waves, suggesting that the generated 
harmonics can be predicted and received by corresponding calculation. 

0 500 1000 1500 2000
0

2

4

6

8

10

12
S3

A3

S2
A1

S0
A2

A0

c p
 (k

m
/s

)

Frequency (KHz)

S1

(a)
 

0 500 1000 1500 2000
0

2

4

6

8

(b)

A3

A2

A1

S2S1

S0

A0

c g
 (k

m
/s

)

Frequency (KHz)  
Fig. 3. Dispersion curves of Lamb guided waves in T300/M94 laminated plates, (a) phase velocity, 

(b) group velocity. 
 

Mesh and solver configurations. The whole model as the wave guide is meshed with free 
triangle elements, of which the maximum size is defined as 20λ . The time step of the transient 
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solver is set as 1 20 f  ( λ  and f is the wavelength and frequency of the primary waves, 
respectively) . The above setups can ensure moderate accuracy of the numerical results.  
Results & Discussions 
Verification of contact acoustic nonlinearity. Firstly, a single nonlinear mechanical interface of 
varying depth and size is introduced into the model for investigation of CAN. As shown in Fig. 
4(a), the group velocity of the primary waves is calculated as about 1600 m/s, which is in 
accordance with that of A0 mode waves at the frequency of 0.2 MHz. With FFT applied to the 
10-cycle transmission waves received at x=0.105m, the frequency spectrum is obtained as shown 
in Fig. 4(b). It is noted that there is no second harmonics generated in a model without nonlinear 
interfaces set in (R=0 mm), and the magnitude of the second harmonics increase with the radius of 
the damage interface (the depth is fixed as 0.2 mm) as presented in Fig 4(b) and Fig. 5(a). Besides, 
the  Fig. 5(b) shows a trend that the closer the nonlinear interface is to the center of the model along 
thickness direction, the greater the magnitude of the generated second harmonic waves is. Such 
result could be related to the wave structure of the primary wave mode. 
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Fig. 4. Time domain (a) and frequency domain (b) of the received guided wave signals from two 
probes. 
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Fig. 5. Parametric studies of the relation between the magnitude of second harmonics and a single 
closed delamination modeled by a nonlinear mechanical interface through change of the (a) 

radius, (b) burial depth. 
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Furthermore, two other investigations are implemented while a number of the nonlinear 
interfaces are randomly distributed in the designed micro-damage plane field and the three 
dimensional space, respectively. Fig. 6 and Fig. 7 show the numerical simulation results. As seen 
from Fig. 6, the magnitude of the newly generated harmonics at the frequency of 0.4 MHz increase 
with the number (N) of the artificial damage interfaces which are distributed in the designed plane 
field located in the middle depth of the laminate. On the other hand, the almost same result applies 
to the case in which the interfaces are randomly distributed in the 3D damge area (see Fig. 2(b)), as 
seen in Fig. 7. It is noted that when N=5 the magnitude of the quatratic nonlinearity in the 
receieved trasansmission waves is a bit greater than that when N=10, as shown in Fig. 7(b). This 
could mainly be due to that the different depths of the interfaces influence more on the second 
harmoic generation than the number of defects when there is obviously less of them  buried in the 
model. However, if a large number of micro-defects such as pores and micro-delaminations occur 
in a relatively concentrated area, the total nonlinear ultrasonic response measured by SHG will be 
satisfactory index of the number of the damages regardless of their burial depth. 
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Fig. 6. Frequency domain (a) and the magnitude comparison of the quadratic nonlinearity  (b) of 
the received transmission waves while defects are laid out in the plane damage area. 
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Fig. 7. Frequency domain (a) and the magnitude comparison of the quadratic nonlinearity  (b) of 
the received transmission waves while defects are laid out in the 3D damage area. 

Conclusion 
This paper mainly focuses on the feasibility study of micro-damage detection in carbon fiber 
reinforced plastics using second harmonics generation induced by contact acoustic nonlinearity. 
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Nonlinear stress-strain relationship is introduced in the model of damage interface, and ultrasonic 
nonlinear responses involving Lamb guided waves are analyzed in terms of time domain and 
frequency domain. Results show that the contact acoustic nonlinearity in CFRP composites can be 
strong sources of nonlinear acoustic response, which can be detected through the measure of 
higher harmonics without being limited by the phase matching condition. 
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Abstract. In order to provide telecommunication and FTTH services, we, NTT, have installed a 
large number of facilities such as utility poles and optical cables. The number of poles is about 
11.9 million and the total length of all installed cables is now about 2.3 million km. These facilities 
are inspected and maintained by visual inspection by workers every 5 to 10 years, which imposes 
great costs on the operator. Therefore, we are researching a novel outside-facility renovation 
technology that can improve cost-effectiveness by long-term safe use. This technology consists of 
two techniques: a visualization technique of unbalanced tension and a quantitative analysis 
technique to determine the relationship between unbalanced tension and structural deterioration. In 
this paper, we describe the concept of the proposed technology. When a utility pole is newly 
installed, its design assumes that the maximum load consists of wind pressure on the cables. 
However, when it is impossible to construct a guy wire for bearing the load applied to the utility 
pole, an unbalanced load occurs because the load cannot be balanced. In addition, when the 
number of users of various services increases and cables are newly laid, unbalanced loads are 
generated. Utility poles carrying these unbalanced loads are at significant risk of collapse due to 
the presence of deflection, inclination, and cracks. Our proposal focuses on the unbalanced load 
itself, and by detecting and countering it, we aim to enable the use of outside-facilities for a longer 
period than at present and to reduce replacement costs without sacrificing safety and security. In 
addition, we also describe how ensuring the long-term safe use of outside-facilities can improve 
cost-effectiveness.  The proposed technique first acquires 3D point cloud data by using 3D laser 
scanner. It then creates a 3D facility model and calculates the tension in utility poles and cables. In 
addition, we introduce a novel method to estimate the loads and tension of a whole span from part 
of the span. Experiments are conducted to compare the estimated and measured values. The results 
confirm the good agreement of the values (within 10%) which validates the proposal. We aim to 
realize a tension visualization scheme with improved accuracy. 
Introduction 
To provide telecommunication and FTTH services, NTT has installed a large number of facilities 
such as utility poles and optical cables. Fig. 1 shows an example of the configuration of optical 
communication equipment in NTT's access network. In addition to optical cables serving as 
communication paths, NTT is responsible for various outdoor facilities such as utility poles for 
laying optical cables on the ground, cable tunnels for laying cable underground, and closures for 
connecting optical cables. There are about 11.8 million poles and a total length of about two 
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million km of cable has been installed [1]. These facilities are mainly maintained and inspected 
visually at great expense by on-site maintenance staff every 5 to 10 years.  
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
To date, NTT has been using MMS (Mobile Mapping System) equipped with a laser scanner; 

3D models of utility poles were obtained from 3D point groups gathered while driving on the road. 
Metrics of structural deterioration such as inclination and deflection on a desk were examined and 
put into practical use to enhance inspection operations [2-4]. 

In order to achieve long-term safe use of the facilities, this study focuses on the mechanisms of 
structural deterioration, preventing new deterioration factors from occurring in the future, and 
alleviating the partial degradation that has already occurred to maintain a "healthy condition" 
without any structural risk. In addition, the system will replace inspection workers, which is an 
issue in the current inspection process, and enable easy and accurate health monitoring at the same 
time. 

Fig. 2 shows the process of structural deterioration. This figure shows that the utility poles were 
structurally sound as designed and constructed, but structural deterioration occurred due to various 
factors when installed. The various factors are "Influence of attaching materials", which is the 
increase in load caused by the addition of attachments due to the increase in customers, and 
"Influence of complex and diverse loads and tension", which is the increase in load imposed by 
other poles, “The gap between design and actual facilities", the difference between design and 
actual equipment, and "Natural environment", due to increased wind speeds and disasters. In the 
current inspection system, inspection workers visually check the utility poles one by one and 
decide whether to renew or tag for continuous observation according to the degree of structural 
deterioration such as deflection and inclination. However, manually inspecting the numerous poles 
every 5 to 10 years is extremely cost-ineffective, as a lot of manpower and labor is required. 

 
 
 

Fig. 1  Outside facilities for FTTH 
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In order to achieve these goals, we started two research projects: (i) Load visualization 
technique, (ii) Relationship between unbalanced loads and structural deterioration.  In this paper, 
we describe the former. 

 
(i) Load visualization technique 
In order to visualize the structural loads carried by outside facilities, we need to calculate the force 
transmitted from the cable attached to the utility pole (horizontal tension) and the load of other 
attached materials, and to calculate the moments carried by the utility pole. To achieve this, a 3D 
point cloud data are acquired by a mobile or fixed laser scanner as shown in Fig. 3. These are used 
in order to accurately determine the positions at which the horizontal loads are generated. Since the 
3D point cloud can use the data acquired by the above technique [2-4] as it is, no new acquisition 
work is required. 

 
 
 
 
 
 
 
 
 
 

 
 
 

A typical 3D point cloud acquired by these laser scanners is shown in fig. 4. From the figure, it 
can be seen that there are several cables between the two utility poles and that trees, buildings, etc. 
have also been acquired as point clouds (Top of Fig. 4). We extract only the necessary information, 
that is, a point cloud of utility poles and cables (middle section). Next, in order to obtain the 
horizontal tension from the positional relation between utility poles and the slack of the cable, the 
catenary function representing the shape of the cable is calculated by the following approximate 
formula (Lower section). 
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Fig. 2  The process of structural deterioration 

Fig. 3 Mobile and Fixed Laser Scanners 
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𝑇𝑇 = 𝑊𝑊𝑆𝑆2

8𝑑𝑑
 

 
Here, T: horizontal tension of the cable, W: cable weight per unit length, S: distance between 

utility poles, and d: cable slack. 
The accuracy of the horizontal tension estimations was examined using the experimental setup 

shown in Fig. 5. 
As shown in the figure, a load cell for measuring tension in wire direction was installed at the 

end of a cable laid between utility poles separated by S, and the horizontal tension was changed by 
changing slack value d. A fixed laser scanner was used to measure the slackness. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Method for calculating horizontal tension of cable using 3D point cloud 
 

(1) 

Load cell Cable 

Utility pole 

PC 

Fig. 5 Experimental setup 
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Figure 6 compares measured and estimated loads (determined using equation (1)). In the 
experiment, the slack value was varied from 0.2 ~ 0.8 m, and the calculated value calculated by 
equation (1) was compared with the measured value yielded by the technique of Fig. 3. The 
measurement by the laser scanner was carried out 30 times, and there were respectively shown 
average values with maximum and minimum value.  

The figure confirms good agreement between the measured and calculated values. The very low 
error of just 3.6% conforms the usefulness of this visualization technique. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
When this technology is put into practical use, the utility poles on both sides of the road will be 

captured by mobile laser scanners. Utility poles that cannot by observed from a road can be 
covered by fixed laser scanners. This will greatly improve inspection efficiency, and significant 
cost reductions by the elimination of most manual inspection be expected. 

As shown in Fig. 7, a program was developed to obtain the information necessary for load 
estimation from the point groups, display the positions of the utility poles and cables on a 2D map, 
and visualize the loasd applied to the utility poles in 3D. 

As a result, the inspection worker can quantitatively and accurately understand the loads 
applied to the utility pole.  By countering excessive loads, the structural deterioration can be 
suppressed, and so realize the long-term safe use of outside facilities. 
Conclusion 
This paper described an efficient inspection method for realizing the long-term safe utilization of 
facilities. It automates the determination of loads placed on utility poles and so allows outside 
facilities to be maintained in "healthy condition" without structural risk. 

The proposal gathers point cloud data of cables and poles, processes the data to determine sides 
loads, and offers an effective map-based visual interface to assist in corrective work. 

In the future, we plan to examine the applicability of this method to actual equipment using 
laser scanners and software. 
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Abstract. In order to provide telecommunication and FTTH services, NTT have installed so many 
facilities such as utility poles and optical cables. The number of poles is about 11.8 million and the 
total length of all installed cables is about 2.3 million km. These facilities are now maintained and 
inspected visually by on-site maintenance staff at great expense. Therefore, we are researching a 
novel outside-facility renovation technology that increases cost-effectiveness by ensuring the 
long-term safe use of facilities. When a utility pole is newly constructed, it is designed under the 
assumption of a maximum load such as wind pressure being applied to the pole via cables and 
auxiliary attachments. However, the loads can become imbalanced when the guy wire cannot be 
tensioned as they cross private land or when there are obstacles, etc. We call this condition that 
unbalanced loads occur. Unbalanced loads are one of the key reasons for the structural 
deterioration of utility poles. After the deterioration occurs, the risk of pole collapse increases, 
because deflection and inclination are generated and finally the cracks propagate until collapse. 
The conventional solution is to replace the damaged pole. However, in many cases, the loads are 
created by other contiguous poles, so unbalanced loads occur again. Therefore, we are developing 
a method that can identify the reason by regarding sets of utility poles as "facility systems" and 
analyzing unbalanced loads quantitatively by FEM. In our research, simulation accuracy is 
improved by determining the quantitative differences obtained by comparing the calculated results 
obtained by FEM with measured values obtained by using a reaction wall. The simulations of 
structural degradation due to unbalanced loads taking into account the deformation of cables due 
to wind velocity and air temperature in addition to various material properties such as hysteresis 
and the sectional model of the utility poles. In addition to the above, the effect of soil is considered 
as a spring element, and the analysis involves the elements of horizontal spring (Kxi, Kzi) and 
vertical spring (Kv). While the calculated and the measured values show good agreement, there is 
some small error. This error is considered to be due to the influence of parameters such as tensile 
and compressive strength, and we aim to improve the simulation accuracy by considering these 
effects in the future. 
Introduction 
We, NTT, have installed more than 11.8 million telephone poles (Here in after referred to as utility 
poles) and 2.28 million km of cable etc. in order to provide metallic and FTTH services such as 
telephone and Internet [1]. New construction, renewal and inspection work on these outside 
facilities are carried out at legally specified intervals, and their maintenance needs enormous time 
and labor costs. 
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We have started using MMS (Mobile Mapping System) equipped with a laser scanner that can 
be driven on public roads, and 3D models of utility poles have been obtained from 3D point 
clouds. We estimate metrics of structural deterioration such as inclination and deflection, and put 
the data into practical use for inspection operations [2]- [4]. 

This study uses the mechanisms leading to structural deterioration to realize the long-term safe 
utilization of facilities. 

In order to achieve this goal, we need two technologies. The one is “load visualization” which 
makes it possible to visualize where the unbalanced loads exist and their magnitude, which is a 
major factor triggering structural deterioration. Another is “the relationship between the 
unbalanced loads and the structural deterioration”, which explains how to eliminate the 
unbalanced loads revealed by the visualization. This paper shows “the relationship between the 
unbalanced loads and the structural degradation”. 
Load visualization technology and the relationship between the unbalanced load and 
structural deterioration 
When utility poles are newly constructed, the design assumes the maximum design load such as 
wind pressure and cable loading. However, unbalanced loads are likely to occur because guy wire 
cannot be constructed by the case of stringing on the private land and the existence of obstacles, etc. 
So, unbalanced loads are also generated even when cables are laid as designed. 

A utility pole experiencing these unbalanced loads suffers deflection and inclination, after 
which cracking can occur that may trigger pole collapse. The 3D point clouds being gathered can 
measure the deflection and inclination with high-precision, and identify what needs to be 
inspected. 

The purpose in this study is ensure that outside facilities can be used safely for longer periods 
than is now possible. The key is identifying unbalanced loads and their causes.  This allows 
corrective measures to be undertaken which reduce renewal costs without sacrificing safety or 
security. 
Technology for understanding the relationship between unbalanced loads and structural 
deterioration 
Until now, structural deterioration has been judged by the visual inspection of every single utility 
pole. However, in the example shown in Fig.1, since the guy wire exists only at one end of a string 
of utility poles, the utility poles hosting the guy wire gradually incline due to the unbalanced loads. 
In this case, the defective utility pole identified by the conventional inspection regime (the second 
on the left) is renewed, but the fundamental problem causing the unbalanced loads remain. For that 
reason, the structural deterioration occurs again in a few years. 

In order to solve the above problem, we introduce the concept that a set of utility poles is 
regarded as one “facility systems". As shown in Fig.2, when a defective utility pole is found, the 
entire system is inspected to clarify the cause of the unbalanced loads. Determining and rectifying 
the problem allows the outside facility to be safely utilized for longer periods than is currently 
available. Solutions to persistent unbalanced loads include the use poles of higher strength. 
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Fig.1: Examples of facility failures that cannot identified by the current inspection regime 

 

 
Fig.2: Examples of Renewal in "System" Repair guy wire 

 
For this examination, simulation accuracy is improved by comparing the calculated value using 

FEM (finite element method) with the measured value obtained from a load propagation 
experiment. 

The simulation of the structural degradation due to unbalanced loads consider the deformation 
of cables due to wind pressure and air temperature, in addition to various material characteristics 
such as the cross-sectional model of utility poles and hysteresis as shown in Fig.3.  

 
Fig.3: pole elements used in the simulation 

 
When wind blows across the cable, the tension on the supporting utility poles increases, and the 

magnitude is given as follows. 

𝑃𝑃𝑐𝑐 = 𝐾𝐾 ∙ ∑𝑑𝑑 ∙ 𝑆𝑆 (1) 
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Here, 𝑃𝑃𝑐𝑐 represents the load in the cable, K is coefficient that depends on the type of wind 
pressure load, ∑ d represents the sum of the outer diameters of the cable, and S represents the 
average pole separation distance. 

However, it is necessary to carry out the analysis three-dimensionally, because the wind 
direction is highly variable. In addition, if the ambient temperature is lower than when the cable 
was laid, the tension increases because the cable shrinks, while the opposite is true if the ambient 
temperature is higher. A unified expression is given below. 

𝑑𝑑1
3 + �3

8
𝑠𝑠2 �𝑇𝑇0

𝐸𝐸𝐸𝐸
− 𝛼𝛼(𝜃𝜃1 − 𝜃𝜃0)� − 𝑑𝑑0

2� 𝑑𝑑1 = 3𝑊𝑊1𝑆𝑆4

64𝐸𝐸𝐸𝐸
 (2) 

Variables are defined as 𝑑𝑑0: slack in no wind condition, 𝑑𝑑1 : slack with wind, S: distance 
between utility poles, 𝑇𝑇0 : tension in no wind condition, E: Young's modulus of cable, A: 
cross-sectional area of cable, α: thermal expansion rate of cable, 𝜃𝜃0: temperature in installation 
condition, 𝜃𝜃1: current temperature, 𝑊𝑊1: cable weight per unit length are respectively expressed. 

In addition to the above, the effect of soil reaction force is considered by assuming spring 
elements; the analysis considers the horizontal spring elements (𝐾𝐾𝑥𝑥𝑥𝑥 , 𝐾𝐾𝑧𝑧𝑥𝑥) and vertical spring 
element (𝐾𝐾𝑣𝑣) as given by the following equation. 

𝐾𝐾𝑥𝑥𝑥𝑥 = 𝐾𝐾𝑧𝑧𝑥𝑥 = 𝐾𝐾 ∙ 𝐴𝐴ℎ (3) 

𝐾𝐾𝑣𝑣 = 𝐾𝐾 ∙ 𝐴𝐴𝑣𝑣 (4) 

𝐴𝐴ℎ = 𝐷𝐷𝑥𝑥 ∙ 𝐿𝐿𝑥𝑥 (5) 

Here, 𝐾𝐾𝑥𝑥𝑥𝑥 , 𝐾𝐾𝑧𝑧𝑥𝑥 : horizontal ground spring elements, 𝐾𝐾𝑣𝑣 : vertical ground spring element, K: 
ground reaction coefficient, 𝐴𝐴ℎ: horizontal projected area of the pole member, and 𝐴𝐴𝑣𝑣: area of the 
pole bottom face, respectively. 

Fig.4 shows the analytical results of the loads in a "facility systems" and the pole model before 
and after the analysis for a single utility pole. The figure shows that structural deterioration 
characteristics such as inclination and deflection occurred and unbalanced loads were generated in 
the left pole without guy wire as indicated by the FEM using equations (2) to (5) for pole models 
created using various material properties. This simulation of the system and a single body made it 
possible to elucidate the relationship between unbalanced loads and structural deterioration. 

Next, we constructed an experimental setup capable of imposing loads on an actual utility pole. 
In order to accurately apply the load to the utility pole, a reaction wall, shown in Fig.5, was used. 

Fig.5 shows a birds-eye view of the reaction wall. The reaction wall can apply loads in excess of 
the largest design loads for the utility poles used by NTT. This system allows us to control the 
utility pole’s deterioration, since the additional load could be accurately determined. In the future, 
the equipment which fixes the utility pole will be mounted so that the experiment except for the 
effect of the soil in "system" composed of multiple utility poles and cables may be possible. 
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Fig4: Analysis of structural deterioration in utility poles using finite element method (FEM) 
 
 

 
Fig5: Loading via Reaction Wall 

 
 
Using the experimental setup shown in Fig.5, loading to 2/3rd of the design load of the utility 

pole (1.3kN) was applied for up to 40 days and we measured deflection values. The results are 
compared with the simulation results in Fig.6. The measured deflection was captured by a fixed 
laser scanner. In this figure, the error between the calculated value and the measured value shows 
good agreement in the range of 2σ. However, since we are aiming to use this simulation for 
practical use, further improvement of the error to be within 1σ is necessary. 
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Fig6: Comparison of pole deflection due to loading over time 

 
Summary 
The paper detailed our proposal to identify the relationship between unbalanced loads and 
structural deterioration of utility poles. FEM-based simulations elucidated the structural 
deterioration with high precision. Research and development activities will continue to realize 
further enhancement of the proposal, and enable its application to outside facilities for practical 
use; the goal is to reduce the cost of maintenance activities without sacrificing safety or security. 
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Abstract. Recent years have seen an increased interest in exploring outer space for space tourism 
or for unmanned or manned planetary explorations. The captivated interests among various 
stakeholders to employ advanced technologies to meet the requirements of these missions have 
necessitated the use of newly developed asset monitoring systems to ensure robustness and 
mission reliability. Although, Non-Destructive Testing (NDT) methods provide sufficient 
information about the state of the structure at the time of inspection, the need for continuously 
monitoring the health of the structure throughout the mission has asserted the use of Structure 
Health Monitoring (SHM) technologies to increase the levels of safety and thereby, reducing the 
overall mission costs. However, since the implementation of SHM technologies for space missions 
can be affected by several factors including, environmental conditions, measurement reliability 
and unavailability of adequate standards, additional considerations on its employability must be 
reconsidered. This article demonstrates a structured approach to compare the capabilities of some 
of the most promising SHM technologies in consideration of these influential factors. 
Additionally, remarks on the feasibility of employing these SHM technologies and the role they 
could play in such critical missions would be elaborated.  
Introduction 
Over the past few decades, several stakeholders in the space exploration sector have thoroughly 
understood and implemented strategies for monitoring mission critical structures to ensure 
improved levels of mission safety, reliability & affordability [1, 2]. Prominent stakeholders 
including ESA and NASA have therefore incorporated Structural Health Monitoring (SHM) 
sensors and systems for on-board condition monitoring, fault detection and to generate 
prescriptive recovery actions. In addition, in order to pave the way towards having reusable space 
assets, reducing the vehicle downtime, operating costs and the maintenance costs, these 
stakeholders are also investigating approaches to understand and predict the lifetime of a mission 
critical structure. 

SHM was born from the conjunction of several techniques that share a common basis with 
Non-Destructive Testing (NDT). In fact, by permanently installing and integrating some of the 
NDT sensor technologies onto the structure of interest, they could be converted into SHM 
techniques.  Some of the most commonly used SHM technologies include, conventional strain 
gauges, fiber optic sensors and acoustic sensing techniques, among many others [3]. Since the 
fundamental basis of each of these technologies are different, their performance is highly 
dependent on the use-case under consideration. For monitoring the health of space structures, one 
such performance hindering parameter is the ambient space condition itself (ambient temperatures 
vacuum, cosmic radiation and electromagnetic emissions) [4]. Therefore, when selecting 
appropriate SHM techniques for such application, the capability of the sensors must be fully 
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understood and their performance must be optimized to compensate for the influences of the space 
environment.  

Even though, several studies investigate the performance of SHM technologies for monitoring 
the assets in a space environment, the majority of the research have looked into the performance of 
an individual SHM technology [1, 2, 5, 6]. Furthermore, since the application of SHM for space 
assets is a relatively new innovation, additional developments, especially for standardizing the 
behavior of such sensors and systems are quintessential. This would require the creation of 
standards to define the minimum requirements for a SHM system, which is nonexistent. 

In this context, this paper investigates into the most commonly used SHM technologies and 
compares their performance based on a set of requirements. These requirements have been derived 
from several factors including, environmental conditions, measurement reliability and the 
technology maturity. In addition, since the system requirements for space applications can be 
comparable with (to an extent) the ones defined for fixed wing aircrafts, we have used the SAE 
ARP 6461 standards for our study [7]. This standard provides, “Guidelines for implementation of 
structural health monitoring on fixed wing aircrafts”, which could be relevant for applications 
including (not limited by), helicopters, space crafts and launchers. Since it is impossible to 
compare the performance of all of the available SHM systems for space asset monitoring, we have 
limited our scope to identify and compare some of the most commonly used and promising sensor 
technologies. The work done in this article is a follow-up to our previous work, wherein we had 
evaluated the performance of fiber optic sensors, Piezoelectric Wafer Active Sensors (PWAS), 
Acoustic Emission (AE) sensors and conventional strain gauges in meeting the requirements 
posed by the space sector [8]. Upon studying the capabilities of each of these sensor technologies 
and its alignment with the requirement list for monitoring operation parameters & damage 
parameters, fiber optic sensors were determined to be the most promising. Although, PWAS (e.g. 
SMART sensors from AcellentTM) were observed to be not so capable in monitoring the 
operational parameters, their ability in monitoring damage parameters, especially in the case of 
composite structures, provide a promising solution for the future of monitoring futuristic space 
structures. Therefore, the analysis and evaluation presented in this paper compares the capability 
of the fiber optic sensors with two additional promising sensor technologies for monitoring the 
health of aerospace structures, namely, Comparative Vacuum Monitoring (CVM) and Surface 
Acoustic Waves (SAW). The next few sections would detail the capabilities of each of these 
sensor technologies which would be followed by the definition of the set of requirements. The aim 
of the analysis is to determine one (or more) promising technology (or technologies), which can be 
envisaged to revolutionize the space industry in the near future by setting very high standards for 
safety, reliability and robustness. 
Optical Fiber Sensors 
The use of sensors based on fiber optic technology for strain sensing, vibration monitoring, 
temperature measurements etc., have gained momentum due to its higher sensitivity & form 
factor. In essence, a fiber optic sensor fundamentally consists of an optical source that is optically 
aligned with a single mode fiber optic cable. The relationship between the optical properties of the 
signal (light) transmitted through the optical fiber and the measurement parameter is used to 
measure the structural condition & performance in real-time. Depending on the sensing 
mechanism, fiber optic sensors can be classified into three broad categories, namely, single point 
sensors, multiplexed sensors and distributed sensors [9, 10].  

Single point sensing technology consists of one small, durable and highly accurate 
measurement device connected to a high-bandwidth fiber optic cable. Fiber Bragg Grating (FBG), 
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which is one of the most commonly used fiber optic sensing system, is an example of this category. 
In essence, a FBG sensing unit is manufactured by modifying a single-mode optical fiber using a 
UV laser. The resultant germanium-doped microstructures creates a periodic variation in the 
refractive index altering the optical properties of the coherent light source passing through the 
optical fiber. The periodic variations in refractive index, also called Bragg gratings inherently 
reflect a very narrow wavelength, while transmitting all the other wavelengths through the optical 
fiber. The wavelength band reflected by the Bragg gratings are strongly dependent on the grating 
period and thus any external perturbations that affect the same can be correlated with the shift in 
the reflected wavelength band. Using an instrument, which is known as an interrogator (i.e. the 
data acquisition device), the shift in the wavelength is recorded. From an application standpoint, 
these sensors are multiplexed and located at strategic locations along the fiber to create a series of 
connected units for a quasi-distributed measurement [9].  

A distributed fiber optic sensor on the other hand relates the changes in scattered light along the 
entire length of the optical fiber. The change in scattered light is used to determine the local 
variation of physical quantities (strains or temperature) [10]. In this case, the entire fiber acts as the 
sensor element. Depending on whether the mechanism of scattering the light within an optical 
fiber is elastic or inelastic, the sensing technique can be classified, Rayleigh, Brillouin and Raman 
scattering techniques. Whilst Rayleigh scattering is a physical phenomenon caused due to 
non-propagating density fluctuations (scattered power is proportional to the input power), 
Brillouin and Raman scattering result from inelastic physical phenomenon causing large degrees 
of frequency shifts. Considering the advantages of each of the techniques in the measurement of 
physical quantities, Rayleigh and Brillouin scattering are being widely investigated for strain 
measurement applications and Raman scattering is being studied for temperature measurements. 
Fiber optic sensing technologies have seen widespread applications for monitoring the operational 
parameters (strains & temperatures) in several industries, including, infrastructure, aeronautical, 
automotive and for mainstream industrial processes (not limited to) [9, 10].  

To ensure the accuracy, repeatability and stability of the measurements made by the fiber optic 
sensor, multiple parameters play an important role. In the case of applications that require the 
sensor to be mounted on the surface of the structure of interest, the choice of adhesive is of prime 
importance. This coating must be able to protect the sensor from mechanical and environmental 
influences, maximizing its performance. Generally, the sensors are coated using a polymer, 
acrylate or polyamide base. Parameters including, the choice of adhesive for mounting the fiber, 
the implementation strategy (externally mounted or embedded) and sensor orientation (important 
for composite structures) must be optimized [4, 11].  

These sensors, which are also minimally influenced by EMI induced noise, are comparatively 
inexpensive and lightweight. Combined with the possibility of performing measurements over 
long distances, the applicability of the same for a space environment is promising. However, the 
lack of suitable standards and the need for discriminating the wavelength shift due to strains and 
temperature necessitate trials and field tests prior to implementing the same for space applications 
in the near future [9-11]. 
Surface Acoustic Wave (SAW) 
Typically, a SAW sensor constitutes a piezoelectric substrate on which a periodic comb-shaped 
inter digital transducer (IDT) pattern is developed using a photolithographic process. The 
electrodes are generally manufactured using inert alloys, for example, Au, Cr/Au/Cr, etc. When an 
AC voltage is applied across the IDTs, an acoustic wave is generated which travels across the 
surface of the crystal (perpendicular to the IDT). The generated acoustic waves are confined to the 
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surface of the substrates and they have a penetration depth of a few wavelengths. A basic SAW 
sensor that contains two IDTs on a piezoelectric surface is shown in Figure 1. The input IDT 
generates the acoustic wave which is collected/reflected by the output IDT [12].  

 
 

Fig. 1. A basic SAW sensor (Adapted from [12]) 

Based on the sensing mechanism, a SAW sensor can be classified into two broad categories, 
namely, direct or indirect. While the former directly measures the variation of the physical 
quantities such as temperature, pressure, torque, etc., the second type the SAW device transforms 
the output of another direct sensor to the electrical signal convenient for further processing. Both 
types can be accessed wirelessly. Furthermore, the operational modality of the SAW sensors have 
been demonstrated both in an active and passive mode. In case of the former, the SAW sensors 
would require batteries to be placed preferably in close proximity. However, for applications 
which require the sensor to operate in a high temperature environment (~ 15000C), for example, 
within a propulsion system or inside gas pipes, the passive (wireless without batteries) modality 
would be preferred. In case of the other temperature extreme, i.e. for cryogenic environments, the 
successful operation of the SAW sensors have been studied and demonstrated [13]  

Since these sensors can withstand high temperatures up to about 1500 °C and have a high 
resistance to ionizing radiation (demonstrated tolerance- upto 10 Mrad) without power loss, they 
are a promising contender for space applications [13]. Although SAW sensors provide several 
benefits for such critical applications, one of the main challenges for the continuous wireless 
operation of these sensors is power generation. Often, batteries are not recommended to be used 
due to the inaccessibility of the inspection area or due to the exposure to large temperature 
extremes. Which is why, these sensors are mostly implemented in the passive mode. Additional 
factors that affect the measurements made by the SAW sensors include, a) dependence on 
vibration and mechanical shocks, b) dependence on the temperature variation (causing the output 
frequencies to shift; can be compensated) and c) the bandwidth of the Radio Frequency (RF) 
communication channel (limiting the number of sensors that can be wirelessly connected). In 
addition to these factors, the importance of defining a certification regime for wireless sensor 
networks is an additional challenge (considering the interference of wireless devices with other 
electronics) [12-13].   
Comparative Vacuum Monitoring (CVM) 
A CVM sensor is a simple pneumatic sensor technology that has been used to continuously and 
autonomously monitor the onset of cracks. These sensors are permanently adhered onto the 
structure of interest to monitor their critical regions.  The basic principle of a CVM sensor is to 
maintain a small volume in low vacuum that is extremely sensitive to ingress of air and thus highly 
sensitive to leakage. The working principle of a typical CVM sensor is shown in Figures 2 (a) and 
2 (b). In both these figures, the actual sensing part, which is a sensor pad can be visible onto which 
several fine galleries containing a low vacuum are incorporated, alternative with galleries at the 
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nominal atmospheric pressure. To maintain the vacuum in the respective galleries, a vacuum 
source is used, which can be seen in Figures 2 (a) and 2 (b). In addition, to measure the differential 
pressure between these galleries, a differential pressure flow meter is incorporated. In the absence 
of a crack, the differential flow pressure values are show the baseline values (see Figure 2 (a)). 
However, if a crack develops within the structure (see Figure 2 (b)), the vacuum galleries are 
disturbed by the ingress of air from the galleries at nominal atmospheric pressure. This in turn 
would be measured as a drop in pressure differential by the flow meter. Subsequently, using the 
data from the flow meter, control systems and software management tools are engaged to process 
the data. Further, the final information about the position and size of the crack is visually presented 
to the user. Typically, with gallery spacing of 250 μm a crack as small as 100 μm can be identified 
[14-16]. 

 
Fig. 2. The working principle of CVM sensors, (a) normal state, (b) during the onset of a crack 

(adapted from [14]). 
Being a relatively simple technique that require no electrical excitation, the CVM sensors have 

been widely employed for the inspection of aircraft structures and to address the critical 
infrastructure surety needs [14]. This said, the application range of these sensors are not limited 
and they span several industries, including, mining structures, trains & subway vehicles, cars, 
trucks and heavy machinery, to name a few [15-16]. Some of the benefits offered by CVM include, 
a) its high maturity levels for immediate implementation (successfully tested and validated in 
actual test environments), b) the possibility of incorporating self-diagnostics, c) the possibility of 
improving the system portability for in-service inspections and d) its use-case flexibility, which 
allows these sensors to be also used for applications that necessitates embedded sensing (for e.g. 
monitoring of aircraft riveted lap and butt joints or those that require a through the thickness 
assessment). However, since the CVM sensor detects the initiation of defects based on 
measurement deviation from a base-line reading from the pressure flow meter, the same must be 
thoroughly calibrated before the test to avoid any false positives. Therefore, if there is a known 
defect on the location of sensor application, the detector would measure a non-zero base value. 
This remains one of the disadvantages of the sensor apart from the installation effort. Also, it must 
be noted that the sensitivity of the sensor is dependent on the gallery wall thickness [15]. 
Feasibility Analysis Using a Decision Matrix 
To compare the capabilities of the SHM technologies, a decision matrix stating the list of 
requirements were compiled based on prior experience along with the inputs from the 
ArianeGroup. This decision matrix is similar to the one prepared in our previous work [8]. In 
general, the aim is to assess the capabilities of the SHM technologies based on the requirements in 
system parameters, condition monitoring parameters, damage monitoring parameters and 
environmental parameters. In order to achieve a fair comparison between the techniques, a 
weighted decision matrix would be prepared. In order to do so, a ranking score would be assigned 
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and each of the technologies would be ranked depending on its performance in comparison with 
the desired state.  

 
Table 1. Decision matrix definition 

Parameters Desired 
State 

 Decision Matrix Score 
1 0.5 0 

System Parameters      
Total weight Low  Low Medium High 

Installation effort (cost) Low  Low Medium High 
Power consumption Low  Low Medium High 

Transmitting data to a remote location Yes  Yes  No 
Self-diagnostic ability Yes  Yes  No 

Possibility of repair for accessible areas Yes  Yes Partially** No 
Measurement accuracy, repeatability, resolution & 

robustness High  High Medium Low 

Monitoring area Large  Large  Small 
Sensor cost/ unit area Low  Low Medium High 
Data acquisition time Low  Low Medium High 

Sensor application location* Ext. & 
emb 

 Ext. & 
emb. 

Ext. & 
semi emb. Only ext. 

TRL level High  TRL 
8-9 TRL 6-7 TRL <6 

Condition Monitoring Parameters      
Strain measurement range High  Large  Small 

Temperature measurement range High  Large  Small 
Distributed sensing capability Yes  Yes  No 

Damage Monitoring Parameters      

Defect measurement sensitivity High  Yes Yes w/o 
location No 

Identifying the defect type Yes  Yes  No 
Environmental Parameters     No 

Resistance to cosmic radiation with high energy High  Yes  No 
Resistance to electromagnetic radiation High  Yes  No 
Usable in vacuum (10-10 and 10-11 Atm) Yes  Yes  No 

Usable in low gravity Yes  Yes  High 
* Ext. and emb. – External and embedded **Depends on whether the sensor is embedded and the use case 

 
To determine the capability of the SHM techniques, a ranking score (based on how the 

technique satisfies a requirements) is assigned, which is combined with a weighting factor. The 
results of this analysis is shown in Table 2.  

From an initial analysis of the weighted sum, the capabilities offered by the fiber optic sensors 
dominate the other two SHM technologies. Apart from being immune (partially; requires further 
tests) to ambient conditions, the main advantage of fiber optics sensors arise due to its 
multiplexing capability. Having several sensor points distributed over the length of an optical 
fiber, one can minimize the overall weight per sensor (relative to other sensors). Furthermore, the 
overall costs for procuring and implementing fiber optic sensors are also minimal compared with 
the CVM and SAW sensors. In comparison, the capabilities of SAW sensors are observed to be 
comparable to the fiber optic sensors. However, essentially being a point sensor, the advantages 
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they offer are diluted (increased weight & installation effort and cost) in comparison to the fiber 
optic sensors when considering larger scales of implementation. CVM sensors on the other had 
offer minimal advantages in meeting the requirements posed by the space sector. Although CVM 
sensors are easy to use and offer self-diagnostic capabilities, they are seen to minimally add value 
due to the implementation effort (higher installation cost) and due to their non-immunity for 
applications in the space environment (requires further tests to confirm).  

Table 2. Evaluation table 

Parameters Weighing 
factor 

a) b) c) 

Total weight 5 1 0 0 
Installation effort (cost) 3 0.5 0 0.5 

Power consumption 3 0.5 0.5 0.5 
Transmitting data to a remote location 4 1 1 1 

Self-diagnostic ability 3 0 1 0 
Possibility of repair for accessible areas** 4 0.5 1 1 

Measurement accuracy, repeatability, resolution 
& robustness * 5 1 1 1 

Monitoring area 2 0 0 0 
Sensor cost/ unit area 2 1 0 0 
Data acquisition time 2 1 0 1 

Sensor application location* 3 1 0.5 0 
TRL level 4 0.5 1 0 

Strain measurement range 5 1 0 1 
Temperature measurement range 5 1 0 1 

Distributed sensing capability 3 1 0 0 
Defect measurement sensitivity 5 0.5 1 1 

Identifying the defect type 5 0 0 1 
Resistance to cosmic radiation with high energy 5 1 0* 1 

Resistance to electromagnetic radiation 5 1 0 1* 
Usable in vacuum (10-10 and 10-11 Atm) 5 0* 0* 0* 

Usable in low gravity 5 0* 0* 0* 
Total   53.5 28 48 

* Requires further tests to confirm       ** considering the popularity of embedding the sensors 
 
Summary 
This work was inspired by the rapid growth of the space exploration sector and due to the rising 
criticality in monitoring the health of mission critical structures. In this article, three of the most 
commonly used/ promising SHM techniques are introduced and compared with each other on the 
basis of a set of requirements prepared from our prior experience and inputs from the 
ArianeGroup. Three sensors, namely, fiber optic sensors, CVM sensors and SAW sensors are 
compared considering system parameter, operational parameters (condition and damage 
monitoring) and environmental parameters. Using a weighted evaluation, fiber optic sensors were 
observed to be the most promising due to their multiplexing capabilities. Even though SAW 

                            Key a) Fiber optic sensors 
b) CVM 

c) SAW 
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sensors are observed to be comparable to the performance of fiber optic sensors, the complexities 
added during the large scale implementation of the same is observed to hinder its overall 
performance. CVM sensors on the other hand fail to be comparable with the capability of fiber 
optic sensors & the SAW sensors. Although CVM sensors offer several advantages for 
aeronautical applications, there is a sufficient gap in understanding its capability for space 
applications, which could be a potential interest domain for further research. In conclusion, the 
research presented in the article covers a small scope of available sensors. The intention of the 
same is to spark interests and provide a strategy in technology comparison that could facilitate 
future space missions, making them safer, reliable and dependable. 
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Abstract. The lifting equipment is applied more and more extensively with the fast development 
of economy. The fatigue and safety problems of lifting equipment in service are more and more 
prominent. This paper presents a nonlinear fatigue damage and life assessment approach for 
existing lifting equipment and the nonlinear effects of the fatigue damage accumulation due to 
random dynamic stress spectrum. The stress spectrum monitoring data was analyzed by the 
modified four peak-valley values fast rain-flow counting method for fatigue analysis. By 
considering nonlinear effects, the calculation for cumulative damage and prediction for fatigue life 
of the lifting equipment's hot region were calculated based on the nonlinear damage theory and the 
nominal stress method. The predicted fatigue damages are different when using the linear and 
nonlinear fatigue damage rules. According to the engineering application results, the real crack 
generation time is consistent with that of our estimation method, which demonstrates that our 
nonlinear prediction model and method for fatigue life are effective. The nonlinear damage theory 
is recommended for use in fatigue and damage prediction of lifting equipment in service. 
Introduction 
For many years, life prediction involving fatigue and damage assessment of key structure parts has 
been the research hot spot for experts and scholars, in many fields concerning national welfare and 
the people's daily life such as lifting equipment in service, engineering machinery, special 
equipment, etc. The safe problem of lifting equipment in service induced by fatigue and damage is 
becoming increasingly important. 

A comprehensive review of many fatigue damage theories can be found elsewhere. Generally 
speaking, it can be divided into three categories, linear cumulative damage theory, double linear 
cumulative damage theory and nonlinear cumulative damage theory. Different fatigue damage 
theories have different accuracy and computational complexity. At present, Miner's linear 
cumulative damage theory is mainly used in engineering [1-2]. Although Miner's linear 
cumulative damage theory is simple and easy to use, the linear damage theory has been 
demonstrated to be unreliable. Studies [3] show that the median damage values to test specimens 
under certain loading conditions range from 0.15 to 1.06. This is attributable to the fact that the 
relationship between physical damage and cycle ratio is not unique and varies from one stress level 
to another. Due to the complexity of fatigue damage evolution process and its mechanism, the 
nonlinear cumulative damage theory is needed [4-5]. 

In this paper, the fatigue life of large lifting equipment is studied based on the two-parameter 
rain flow fast counting program and the nonlinear cumulative damage theory. 
Fatigue life prediction method of lifting equipment 
Nominal stress method is a mature method for fatigue life estimation, and its prediction range is 
generally high cycle fatigue. The fatigue life of lifting equipment generally belongs to high cycle 
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fatigue, so the nominal stress method will be used in this paper. The prediction steps are shown in 
figure 1. 

 
Figure 1 Fatigue Life Prediction Procedures 

As shown in figure 1, obtaining S-N curves of key components is the basis for estimating 
fatigue life of components by nominal stress method. If the S-N curve of key components can be 
obtained directly through fatigue test of full-scale key components, the fatigue life of components 
can be accurately estimated. Generally speaking, the geometric shapes of key components are 
complex and diverse, so it is difficult to obtain the S-N curve directly from the fatigue test of 
full-scale key components. 

The commonly used method is to estimate the S-N curve of key components according to the 
S-N curve of standard sample materials. 

The S-N curves of typical sample materials can be expressed as follows: 

σ =mN C  (1) 

Or in logarithmic form: 

( ) ( ) ( )lg lg lg σ= −N C m  (2) 

In order to estimate S-N curves of key components from S-N curves of standard sample 
materials, the influence of other factors should be taken into account. The expression of S-N 
curves of key components is as follows: 

( )σ σ =m
DN K C  (3) 

Where DKσ  is the correction coefficient of S-N curve of key components, which characterizes the 
influence of other factors (Including Fatigue notch coefficient fK , Specimen Size coefficient ε , 
Surface Finishing coefficient β , Type of loading LC  etc.) on fatigue properties of materials. C 
and m are material constants related to materials. Taking logarithm of formula (3) : 

( ) ( ) ( )lg lg lg σ σ= − DN C m K  (4) 

  

Accumulation damage theory

Fatigue Life Prediction

Detection of dangerous parts of 
structures

S-N Curve of Key 
Components

Stress spectrum 
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 key components
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Nonlinear fatigue cumulative damage theory 
The damage curve for another life level ( ,i fN ) is then given by the power law damage equation 
defined as: 

0.4
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N
N
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i

i f

nD
N

 
  
  

=   
 

 (5) 

For multiple life levels (e.g., 1, fN < 2, fN << ,n fN ), the damage curves (as shown in Figure 1) 
can be constructed expeditiously by letting the damage curve for the lowest life level be the 
reference life. 

Nonlinear damage curves are shown in figure 2. 

 
Figure 2 Nonlinear fatigue cumulative damage theory 

Data analysis based on rain-flow cycle counting method 
Based on the four peak valley value rain flow counting method [6-7], as shown in figure 3, the 
docking is processed from the peak or valley value in advance, and the final cycle count can be 
completed with only one rain flow count. 

 
Figure 3 Rain-flow cycle counting method 

The separation of the data to be processed and the data that needs to be kept can avoid repeated 
displacement of the data and greatly improve the processing efficiency. 
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Engineering application 
The monitoring position of metallurgy crane. The position of metallurgy crane plane stress state 
monitoring based on fiber Bragg grating sensor is shown in figure 4. The risk of crack initiation on 
position A2 is highest. So the random stress spectrum on position A2 is studied. 

 

 
Figure 4 Fiber gratings position of monitoring point 

Stress monitoring based on fiber Bragg grating sensor. As shown in figure 5, the main 
technical advantages of stress monitoring based on fiber Bragg grating sensor are as fellow: 

(1) Fiber Bragg grating sensor can be multiplexed so that many sensors lie along a single fiber 
line. They are compatible with fiber optic data lines, which support huge necessary band width, 
which in turn support large number of sensors. 

(2) Very micro thin. Therefore it can be made compatible with different composite material 
without changing mechanical properties. 

(3) They can withstand high temperatures and pressure and are highly immune to 
electromagnetic interference. 

 
Figure 5 Structural Health Monitoring System for Lifting Equipment 

Stress monitoring data based on structural health monitoring system are shown in figure 6. 

GPRS Data Transmission

Industrial Personal Computer

Metallurgical Crane Optical Fiber Sensor Optical Fiber Demodulator

Cloud Data Platform
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Figure 6 Structural Health Monitoring System for Lifting Equipment 

The result based on nonlinear damage theory. 
 

Table 1 Procedures for Fatigue Life Estimations Based on nonlinear damage theory 

Blocks D1 D12 D123 D1234 D1-5 D1-6 D1-7 D1-8 
1 0.0111 0.0111 0.0118 0.0127 0.0138 0.0145 0.0151 0.0153 
2 0.0264 0.0264 0.0275 0.0289 0.0309 0.0322 0.0334 0.0339 
3 0.0450 0.0450 0.0463 0.0483 0.0510 0.0531 0.0549 0.0557 
4 0.0668 0.0668 0.0683 0.0708 0.0745 0.0773 0.0798 0.0809 
5 0.0920 0.0920 0.0938 0.0968 0.1013 0.1049 0.1083 0.1097 
6 0.1208 0.1208 0.1228 0.1263 0.1318 0.1363 0.1405 0.1424 
7 0.1535 0.1535 0.1557 0.1597 0.1662 0.1716 0.1768 0.1791 
8 0.1902 0.1902 0.1926 0.1972 0.2047 0.2111 0.2174 0.2202 
9 0.2313 0.2313 0.2339 0.2390 0.2476 0.2551 0.2626 0.2659 
10 0.2770 0.2770 0.2798 0.2855 0.2952 0.3039 0.3126 0.3166 
11 0.3277 0.3277 0.3307 0.3370 0.3479 0.3578 0.3679 0.3725 
12 0.3836 0.3836 0.3869 0.3937 0.4060 0.4172 0.4288 0.4341 
13 0.4452 0.4452 0.4486 0.4561 0.4697 0.4823 0.4956 0.5017 
14 0.5127 0.5127 0.5164 0.5246 0.5396 0.5537 0.5686 0.5756 
15 0.5867 0.5867 0.5906 0.5994 0.6159 0.6316 0.6484 0.6563 
16 0.6674 0.6674 0.6715 0.6810 0.6990 0.7165 0.7353 0.7442 
17 0.7553 0.7553 0.7596 0.7698 0.7895 0.8088 0.8298 0.8398 
18 0.8508 0.8508 0.8554 0.8663 0.8878 0.9090 0.9323 0.9434 
19 0.9545 0.9545 0.9593 0.9709 0.9942 1.0174 1.0432 1.0556 

According to table 1, the fatigue life of the hot spot area are as follows: 

( )Fatigue Life 19 Years=  (6) 

The metallurgical crane was put into operation in 1997. 20 years later, cracks were detected in 
hot spot area A2 in 2017. The real crack generation time (20 years) is consistent with that of our 
estimation (19 years), which demonstrates that our prediction model and method for fatigue life 
are effective and give a method for the evaluation of the lifting equipment's fatigue life. 
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Conclusion 
In this paper, the nominal stress method is used as the basic method of fatigue life prediction. First, 
the monitoring stress spectrum is processed by two-parameter rain-flow counting method. Then, 
the fatigue cumulative damage caused by monitoring stress spectrum is calculated based on the 
nonlinear fatigue cumulative damage theory. Finally, the fatigue life is analyzed and predicted. 

According to the engineering application results, the real crack generation time is consistent 
with that of our estimation, which demonstrates that our prediction model and method for fatigue 
life are effective and give a method for the evaluation of the lifting equipment's fatigue life.  
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